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Introduction 


Communication  between  cells  is  mediated  through  cell-surface  receptors  and  the  signal 
transduction  reactions  they  initiate.  In  recent  years,  it  has  become  clear  that  spatial  organization 
of  receptors,  on  length  scales  from  molecular  clustering  to  micron-size  pattern  formations,  plays 
a  key  role  in  the  transduction  of  cellular  signals  [1-6].  We  seek  to  understand  how  altered  spatial 
organization  of  proteins  contributes  to  breast  cancer  malignancy.  Our  goal  is  to  understand  how 
mechanical  forces,  both  extra-  and  intracellular,  establish  a  specific  linkage  between  tissue 
mechanics,  cellular  signaling  and  ultimately,  disease.  We  previously  used  a  fluid  supported 
membrane  to  present  ephrin-Al  to  EphA2-expressing  human  breast  cancer  cells  and  observed 
that  EphA2  signaling  is  sensitive  to  physical  aspects  of  ligand  presentation  and,  furthermore,  that 
receptor  transport  is  strongly  linked  to  tissue  invasion  [2],  Based  on  these  observations,  we 
postulate  that  the  functional  alteration  of  the  EphA2  receptor  in  breast  cancer  has  a  mechanical 
component.  Thus,  the  motivating  goal  of  this  proposal  is  to  deconstruct  the  molecular  basis  for 
how  mechanical  forces  influence  the  EphA2  receptor  tyrosine  kinase  signaling  cascades  in 
malignant  human  breast  cancer  cell  lines  and  then  to  explore  how  these  forces  play  a  role  in 
cancer  progression.  In  this  way,  we  will  examine  previously  unexplored  dimensions  of  disease 
mechanism,  hopefully  contributing  insight  to  better  match  individual  patients  with  appropriate 
therapies. 

Body 

Our  central  hypothesis  is  that  mechanical  properties  of  a  cell  and  its  environment  play  a  role  in 
the  EphA2  regulatory  system,  and  that  this  mechanical  sensing  affects  the  malignancy  of  cancer 
cells.  We  chose  to  pursue  three  different  approaches  to  probing  the  mechanical  aspects  of  EphA2 
signal  transduction:  1)  Determining  the  molecular  physiology  of  the  EphA2  mechano-sensing  in 
model  human  breast  cancer  cell  lines,  2)  Using  targeted  inhibition  of  signaling  molecules 
involved  in  EphA2  transport  and  3)  Examining  EphA2  transport  in  live  tissue  samples.  While 
this  work  is  still  in  progress,  we  have  made  new  discoveries  about  the  physical  properties  of 
EphA2  clusters  that  have  led  us  to  several  new  experiments,  described  below. 

Approach  and  Previous  Data 

For  all  experimental  platforms,  we  display  fluorescent,  decahistidine-tagged  ephrin-Al  on  a  fluid 
supported  lipid  membrane  by  anchoring  the  ligand  to  the  membrane  using  histidine-Ni(II)  metal- 
organic  coordination  chemistry  [7].  This  technique  allows  controllable  and  quantifiable  ligand 
display  coupled  with  single-cell,  high-resolution  microscopy  capabilities.  We  cultured  live, 
tumorigenic  and  invasive  EphA2-expressing  human  breast  cancer  cells  (MDAMB231)  on 
ephrinAl -supported  membranes.  We  previously  found  that  when  MDAMB231  cells  make 
contact  with  ephrinAl  linked  to  a  supported  membrane,  EphA2  binds  to  ephrinAl,  forming 
receptor-ligand  complexes  followed  by  receptor  clustering,  phosphorylation  and  recruitment  of 
the  disintegrin  and  metalloprotease  10  (ADAM  10)  [2],  We  then  introduced  cells  to  a  supported 
membrane  on  a  substrate  containing  grids  of  nanopatterned  chromium  diffusion  barrier,  which 
redefined  the  organization  of  EphA2-ephrinAl  clusters.  When  MDAMB231  cells  contact  an 
ephrinAl -supported  membrane  with  these  diffusion  barriers,  the  clustering  of  EphA2-ephrinAl 
is  frustrated,  and  the  recruitment  of  ADAM  10  is  no  longer  observed,  indicating  that  downstream 
signaling  is  altered  by  EphA2-ephrinAl  spatial  organization. 
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Results  and  Progress 

Specific  Aim  1:  Molecular  physiology  ofEphA2  clusters 

Developing  an  assay  to  probe  the  molecular  physiology  of  EphA2  clusters 
We  have  developed  a  novel,  monomeric  decahistidine  ephrinAl  ligand  protein,  which  is  a  more 
physiologically  relevant  compared  with  the  more  commonly  used  pre-dimerized  ephrinAl -Fc 
[8].  Previous  studies  have  shown  that  soluble,  monomeric  ephrinAl  will  not  activate  EphA2  on  a 
cell  surface,  but  rather  requires  preclustered  ephrinAl  in  solution.  We  have  generated  a 
monomeric  ephrinAl  protein  which,  when  bound  to  a  two-dimensional  supported  lipid 
membrane,  can  activate  EphA2  in  breast  cancer  cells  as  measured  by  receptor  degradation  via 
Western  blotting  (Figure  1).  The  development  of  the  monomeric  ephrinAl  assay  allows  us  to 
maintain  the  juxtacrine  signaling  natural  receptor  clustering  processes,  which  have  been  shown 
to  be  important  signal  regulatory  mechanisms. 


fcmEAl 

QeYFP 


^  Multi-histidine  Sequence  Y  Animal  anti-GFP 
ft  Ni-NTA-DOGS  ft  DOPC  Alexa  488  Dye 


^  ^  Dimeric  ephrin-AI  Fc 


Figure  1.  (From  Ref  8)  Western  blots  are  analyzed  from  the  lysate  of  MDA-MB-231  cells 
incubated  on  different  surfaces  and  in  different  solutions.  The  blots  are  stained  for  the  presence  of 
EphA2.  In  this  case,  the  degradation  of  EphA2  is  represented  by  the  intensity  of  an  EphA2  band 
between  75  and  150  kDa.  The  lower  the  band  intensity,  the  greater  the  receptor  degradation. 
Intensity  measurements  of  EphA2  bands  are  repeated  for  at  least  four  unique  Western  blots  and  the 
results  are  averaged  across  the  blots.  Soluble  mEAl,  over  a  range  of  concentrations  (results  not 
shown),  does  not  induce  significant  EphA2  degradation,  whereas  mEAl  on  a  SLB  leads  to  EphA2 
degradation.  Antibody  cross-linked  mEAl  on  a  SLB  leads  to  EphA2  degradation,  although  to  a 
lesser  degree  than  pre-  clustered  EAl-Fc.  At  low  surface  densities  of  mEAl,  Western  blot  analysis 
is  unable  to  detect  significant  EphA2  activation. 


EGFR  and  EphA2  Co-clusters 

Understanding  the  physiology  of  signaling  clusters  requires  an  understanding  of  how  their 
composition  modulates  cell  behavior.  During  this  funding  cycle,  we  have  developed  a  technique 
that  allows  presentation  of  ligand  heterodimers  to  living  cells  by  using  DNA  hybridization. 
When  MDAMB231  cells  were  presented  with  monomeric  EGF  and  ephrinAl  ligand,  EGFR  was 
activated  as  measured  by  immunofluorescence  staining  of  tyrosine  1173  phosphorylation  on  the 
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EGF  receptor  (Figure  2a).  Furthermore,  when  we  heterodimerized  the  RTK  ligands  EGF  and 
EphrinAl  using  our  DNA  hybridization  strategy  and  presented  these  to  MDA-MB-231  cells 
EGFR  was  not  activated  (Figure  2b).  Representative  cells  are  shown  in  Figure  2.  We  suspect  that 
abrogation  of  signaling  is  caused  by  recruitment  of  tyrosine  phosphatases  by  EphA2  that 
dephosphorylate  the  EGFR,  although  studies  are  underway  to  address  this  hypothesis.  This 
approach  offers  the  ability  to  modulate  signaling  by  altering  the  composition  signaling  clusters, 
an  approach  that  could  yield  insight  into  rational  drug  design.  In  particular,  we  envision  our 
experiments  to  dissect  the  molecular  physiology  of  EphA2  clusters  into  guiding  the  development 
of  bispecific  antibody  therapeutics. 


A 


glass  substrate 


brightfield  EA1/EGF  pEGFR-1173 


B 


|  glass  substrate  | 


brightfield  EA1/EGF  pEGFR-1173 


Figure  2.  MDAMB231  cells  seeded  on  a  supported  membrane.  A)  Presentation  of  EGF 
and  ephrinAl  that  can  independently  diffuse  on  the  membrane  results  of  clustering  of  the 
ligands  and  activation  of  EGFR  as  shown  by  tyrosine  phosphorylation.  B)  Presentation  of 
a  heterodimer  of  these  ligands  results  also  in  clustering  of  the  ligands,  but  not  in 
activation  of  the  EGF  receptor. 


PI3K  Spatial  Organization 

The  development  of  a  more  physiologically  relevant  monomeric  ephrinAl  platform  allowed  us 
to  begin  probing  the  molecular  physiology  of  the  EphA2-ephrinAl  clusters.  Our  targeted 
proteins  are  those  that  colocalize  (or  antilocalize)  with  EphA2  and  are  also  known  to  be 
misregulated  in  cancer.  Following  identification  of  those  proteins,  we  can  then  examine  the 
significance  of  those  interactions.  Because  previous  research  reports  that  EphA2  interacts  with 
PI3K  upon  ephrinAl  binding  [9],  we  began  by  looking  into  the  PI3K  pathway.  The  PI3K 
signaling  pathway,  which  promotes  cell  survival,  growth,  and  proliferation,  is  known  to  be 
abnormally  activated  in  numerous  types  of  human  cancers  [10],  and  is  one  of  the  most  important 
signaling  pathways  to  target  cancer  [11],  However,  no  direct  evidence  of  PI3K  activation  upon 
Eph/Ephrin  interaction  has  been  observed  in  live  cells.  Here,  we  have  monitored  PI3K  activity 
and  localization  during  EphA2  activation  through  live  cell  labeling  of  PI(4,5)P2  and  PI(3,4,5)P3 
with  fluorescent  PFCdl-PH  and  Akt-PH  biosensors,  [12]  respectively.  Because  PI(4,5)P2  and 
PI(3,4,5)P3  are  the  reactant  and  the  product  of  PI3K  activation,  the  spatial  organizations  of  them 
can  reflect  PI3K  activity.  We  visualized  that  PI(3,4,5)P3  (the  product  of  PI3K  activity) 
colocalizes  with  ephrinAl  while  PI(4,5)P2  (the  reactant  of  PI3K  activity)  antilocalizes  with 
ephrinAl  (Figure  3).  This  spatial  organization  of  PI(4,5)P2  and  PI(3,4,5)P3  at  EphA2/EphrinAl 
cluster  sites  illustrates  the  signaling  of  PI3K  triggered  by  the  activation  of  EphA2  in  live 
MDAMB23 1  cells. 
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Activation  of  PI3K 
|  EphrinAl  fl  PIP3  binding  GFP-Akt-PH 
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I  PIP2  binding  mcherry-PLC-PH 


Figure  3.  Three-color  Total  Internal  Reflection  Fluorescence  (TIRF)  imaging  of  MDAMB231  cells 
on  an  ephrinAl  supported  membrane.  A)  Supported  membrane  with  ephrinAl  labeled  with  Alexa 
Fluor  647,  B)  cellular  PIP2  binding  mcherry-PLC-PH,  and  C)  cellular  PIP3  binding  GFP-Akt-PH.  D) 
topography  imaging  of  the  cell/bilayer  interface  using  Reflection  interference  contrast  microscopy 
(RICM),  E)  Intensity  profiles  of  each  channel  along  the  line  AB.  F)  The  schematic  illustration  of  the 
system:  PIP3,  the  product  of  PI3K  activation,  generates  at  the  cluster  sites  of  EphA2/EphrinAl  and 
diffuses  along  the  cell  membrane;  whereas  PI(4,5)P2,  the  reactant  of  PI3K  activation,  is  excluded 
from  the  EphA2/EphrinAl  clusters.  Scale  bars:  5pm. 


Interestingly,  when  we  frustrated  ephrinAl  clustering,  we  did  not  see  a  change  in  this 
localization  trend.  The  antilocalization  of  PIP2  with  EphA2/EphrinAl  persists  under  physical 
perturbations  of  EphrinAl  using  patterned  substrates  (Figure  4)  indicating  that  the  PI3K 
activation  by  ephrinAl  is  robust  and  is  not  affected  by  the  cluster  size. 

GFP-Akt-PH  mcherry-PLCd  1  -PH  EphrinAl -Alexa647  RICM 


Figure  4.  Three-color  Total  Internal  Reflection  Fluorescence  (TIRF)  imaging  of  MDAMB231  cells  on 
an  ephrinAl  supported  membrane.  A,E)  Cellular  PIP3  binding  GFP-Akt-PH,  B,F)  cellular  PIP2  binding 
mcherry-PLC-PH,  and  C,G)  supported  membrane  with  ephrinAl -A647.  D,H)  topography  imaging  of 
cell/bilayer  interface  using  Reflection  interference  contrast  microscopy  (RICM).  The  first  row  of  images 
(A-D)  was  taken  on  1pm  grids.  The  protein  clusters  formed  uniformly  on  the  1pm  grids.  The  images  in 
the  second  row  (E-H)  were  taken  on  triangular  patterns  with  mixed  sizes,  Eph/Ephrin  forms  different  7 

sizes  of  clusters  on  triangle  patterns.  Anti-colocalization  of  mcherry-PLCd  1 -PH  (PIP2)  and  Eph/Ephrin 
is  observed  for  both  patterns.  Scale  bars:  5pm 


EphA2-ephrinAl  Endocvtosis 

While  screening  through  molecules  that  constitute  the  EphA2-ephrinAl  clusters,  we 
found  that  dynamin2,  a  large  GTPase  implicated  in  the  scission  of  budding  endocytic  vesicles 
colocalizes  with  EphA2-ephrinAl  clusters  (Figure  5a).  We  also  found  that  clathrin,  a  triskeleton 
involved  in  forming  coated-pits  during  vesicle  formation,  colocalizes  with  EphA2-ephrinAl 
(Figure  5b).  These  findings  led  us  to  investigate  if  endocytosis  of  EphA2-ephrinAl  is  sensitive  to 
the  spatial  organization  of  EphA2-ephrinAl.  We  developed  a  robust  and  novel  endocytosis  assay 
to  answer  this  question.  EphrinAl  is  fluorescently  labeled  and  bound  to  a  supported  lipid 
membrane;  MDAMB231  cells  are  then  seeded  onto  the  membrane  and  allowed  to  interact  with 
ephrinAl  for  45  minutes.  Cells  are  then  fixed  and  internalized  ephrinAl  is  imaged  using 
spinning  disk  confocal  microscopy.  We  then  use  an  automated,  high  throughput  selection  process 
to  quantify  the  amount  of  internalized  ephrinAl  in  clusters.  Using  this  assay  allows  detection  of 
small  changes  in  the  amount  of  internalized  ephrinAl. 

A 


Figure  5.  Representative  bright  field,  RICM  and  epifluorescence  images  of  MDAMB231  cells  on  an 
ephrinAl -supported  membrane.  A)  Cells  were  cultured  on  a  supported  membrane  displaying 
ephrinAl -YFP  and  allowed  to  cluster  ephrinAl  for  one  hour.  BF  is  a  representative  bright  field  image 
of  an  MDAMB231  cell.  The  RICM  (reflection  interference  contrast  microscopy)  image  shows  that  the 
region  of  tightest  cell  adhesion  to  the  supported  membrane  corresponds  to  ephrinAl  recruitment.  The 
three  epifluorescence  images  were  taken  using  Total  Internal  Reflection  Fluorescence  (TIRF) 
microscopy.  B)  Cells  were  transfected  with  a  clathrin  fluorescent  fusion  protein  and  cultured  on  an 
ephrinAl -YFP  supported  membrane  for  30  minutes.  Images  were  taken  using  TIRF  microscopy. 

To  determine  the  response  of  endocytosis  to  physical  aspects  of  ephrinAl  presentation,  we  used 
the  nanopatterned  supported  membranes  to  restrict  the  size  and  transport  of  EphA2-ephrinAl 
clusters.  The  endocytosis  assay  revealed  that  physically  redefining  EphA2-ephrinAl 
organization  using  these  patterned  membranes  alters  the  internalization  of  EphA2.  Small  grid 
pitches,  which  effectively  decreased  the  EphA2-ephrinAl  cluster  size  resulted  in  decreased 
amounts  of  endocytosed  EphA2,  indicating  that  endocytosis  is  modulated  by  EphA2-ephrinAl 
cluster  size  or  transport  (Figure  6b).  We  also  found  that  using  Pitstop2,  a  small-molecule 
inhibitor  of  clathrin  [13],  resulted  in  a  dramatic  decrease  in  the  amount  of  ephrinAl  internalized, 
indicating  that  EphA2-ephrinAl  is  likely  endocytosed  via  a  clathrin-mediated  pathway  (Figure 
6a).  Finally,  we  have  found  that  ADAM  10  activity  is  likely  required  for  the  endocytosis  of 
EphA2-ephrinAl.  Together,  these  results  suggested  that  part  of  the  molecular  basis  of  EphA2 
mechanosensitivity  involves  regulation  of  an  endocytic  pathway. 
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Figure  6.  Plots  of  total  internal  number  of  ephrinAl  puncta,  which  is  a  readout  of  the  rate  of 
endocytosis  of  the  receptor/ligand  pair.  A.  Number  of  internal  ephrinAl  puncta  of  cells  adhered  to  an 
ephrinAl  supported  membrane.  Cells  were  treated  with  the  small  molecule  inhibitor,  Pitstop2,  or 
DMSO  as  a  control.  B.  Number  of  internal  ephrinAl  puncta  of  cells  adhered  to  an  ephrinAl  supported 
membrane  with  either  1  pm  or  20  pm  gridded  substrates.  P  <  0.05  for  both  experiments.  The  number 
of  cells  n  is  reported  for  each  condition. 


Specific  Aim  2:  Targeted  inhibition  of  signaling  molecules  involved  in  EphA2  transport 

We  have  developed  a  unique  experimental  platform  in  which  small  molecule  inhibitors  can 
easily  be  screened  at  a  single-cell  level  [manuscript  in  preparation  and  appended].  We  fabricated 
nanometer  scale  ordered  arrays  of  gold  [14]  nanoparticles  embedded  within  a  supported 
membrane  to  present  different  obstacles  to  the  reorganization  of  EphA2-ephrinAl  clustering. 

This  platform  allows  three  ephrinAl  presentation  scenarios:  1)  completely  mobile  ephrinAl 
(ephrinAl  is  linked  to  the  supported  membrane,  but  nanoparticles  are  not  functionalized),  2) 
completely  immobile  ephrinAl  (no  ephrinAl  on  the  supported  membrane,  but  nanoparticles  are 
functionalized  with  ephrinAl)  and  3)  a  hybrid  display  of  both  membrane-bound,  fluid  ephrinAl 
and  nanoparticle  functionalized,  immobile  ephrinAl.  When  using  this  assay  on  MDAMB231 
cells,  we  observed  that  the  cells  cannot  efficiently  transport  EphA2-ephrinAl  on  hybrid- 
displayed  ephrinAl  supported  membranes  (both  mobile  and  immobile  ephrinAl  is  presented). 
When  this  assay  was  tested  among  a  panel  of  breast  cancer  cell  lines,  we  found  that  the  transport 
of  EphA2  was  less  affected  by  the  hybrid  display  of  ephrinAl  in  cell  lines  with  a  lower  invasion 
potential.  For  instance,  MCF10A  cells,  a  noninvasive  and  non-tumorigenic  breast  epithelial  cell 
line,  can  still  transport  EphA2-ephrinAl  when  presented  with  a  hybrid  display  of  ephrinAl 
(Figure  7).  The  transport  of  EphA2-ephrinAl  on  a  hybrid  display  was  inversely  proportional  to 
the  invasiveness  and  tumorigenicity  of  the  cell  line. 

We  believe  the  disruption  of  transport  is  a  symptom  of  misregulation  of  another  pathway  in 
invasive  breast  cancer  cells  and  we  can  now  use  this  platform  in  conjunction  with  a  high 
throughput  chemical  genetic  screen  using  small  molecule  inhibitors  to  find  these  pathways.  A 
drug  that  rescues  transport  of  EphA2-ephrinAl  clusters  on  a  nanoparticle  array  will  lead  us  to  the 
broken  link  in  EphA2  regulation  in  these  cell  lines  and  would  be  a  major  advance  in  the  effort  to 
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determine  the  role  of  EphA2  in  breast  cancer.  Ultimately,  these  results  could  provide  a  drug 
screening  platform  for  the  development  of  dual-targeted  drug  therapies 
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Figure  7  (from  appended  manuscript).  Breast  cancer  cell  line  panel  study.  A  panel  consisting  of  10  human  breast  cell  lines 
are  individually  deposited  on  the  hybrid  platform.  The  radial  profile  of  EphA2  was  measured  for  cells  that  were  deposited 
on  the  hybrid  side  and  normalized  to  the  radial  profile  of  control  cells  from  the  same  experiment,  on  the  bilayer  only  side,  to 
eliminate  contributions  from  staining  differences  and  cell-to-cell  variations  in  EphA2  expression.  For  all  cell  lines,  on  the 
glass  side  displaying  only  mobile  EA1,  EphA2  is  centrally  transported.  This  is  consistent  with  previous  reports.20  For  the 
cell  lines  on  the  nanoparticle  side  displaying  the  hybrid  presentation,  this  situation  changes  dramatically;  instead  of  forming 
a  central  domain,  EphA2  clusters  are  distributed  over  the  cell  -  substrate  contact  area  as  the  respective  invasion  potential 
values  increase.  Invasion  potential  values,  EphA2  protein  expression  levels,  EphA2  mRNA  levels  (plotted  as  log2),  and  cell 
line  origins  were  taken  from  published  sources.19, 28, 34  The  animal  studies  of  tumorigenicity  and  metastasis,  correlates  with 
the  EphA2  radial  profile  and  invasion  potentials,  and  were  taken  from  published  sources.35"42  The  cell  line  SKBR3  was 
found  to  be  tumorigenic  in  one  report  (*).43  A  total  of  200  cells  were  selected  and  analyzed.  Scale  bar  are  all  10pm. 


Specific  Aim  3:  Examining  EphA2  transport  and  associated  molecular  physiology  in  vivo 

Our  expanded  effort  in  aims  one  and  two  have  led  us  to  follow  up  on  our  serendipitous 
discoveries  using  the  nanoparticle  array  assay.  We  now  have  access  to  human  breast  cancer 
surgery  samples,  which,  we  believe,  will  provide  us  with  a  unique  resource  to  directly  compare 
our  human  cancer  cell  line  discoveries  to  live  primary  cancer  cell  samples.  Much  information 
regarding  invasiveness,  tumorigenicity,  and  malignancy  of  breast  cancer  cell  lines  has  previously 
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been  determined  in  mouse  model  systems.  While  using  an  established  mouse  model  system  has 
the  potential  to  provide  some  insights,  we  believe  our  findings  will  have  a  more  direct  impact  on 
understanding  the  molecular  basis  of  EphA2  mechanosensing  and  its  impact  in  cancer  invasion, 
malignancy,  and  ultimate  patient  prognosis  by  studying  primary  human  cancer  cell  samples.  We 
have  recently  been  given  a  unique  opportunity  to  work  directly  with  pathologists  and  cancer  cell 
biologists  at  the  University  of  California  San  Francisco,  so  we  are  evaluating  our  animal  studies 
to  determine  if  we  will  gain  more  insight  following  this  other  direction.  We  have  not  yet  begun 
animal  sample  studies  under  this  funded  program. 


Key  Research  Accomplishments 

•  Development  of  a  monomeric  histidine-tagged  ephrinAl  protein  for  membrane-bound 
ephrinAl  stimulation  of  EphA2  in  live  cancer  cells 

•  Determining  that  EGFR,  endocytosis  and  PI3K  play  key  roles  in  regulating  the  molecular 
physiology  of  EphA2  clusters 

•  Development  of  a  live-cell  small  molecule  inhibitor  screening  assay 


Reportable  Outcomes 

Manuscripts 

•  Xu,  Q.  et  al.,  EphA2  Receptor  Activation  by  Monomeric  Ephrin-Al  on  Supported 
Membranes.  Biophyscial  J.,  2011  101(11):  p.  2731-39. 

o  Seed  support  for  biomedical  aspects  of  this  work  was  provided  by  this  grant  and 
acknowledged  in  this  manuscript 

•  Lohmiiller,  T.  et  al.,  EphA2-ephrin-Al  Transport  is  Frustrated  by  Nanoscale  Obstacle 
Arrays,  but  only  in  Invasive  Cancer  Cell  Lines,  manuscript  in  preparation  and  appended. 

Presentations 

•  "EphA2-EphrinAl  signaling  and  PI(4,5)P2  spatial  organization  on  breast  cancer  cells." 
Aiwei  Tian  (Poster),  56th  Biophysical  Society  meeting,  February  2012,  San  Diego,  CA 

•  "Determining  if  spatio-mechanosensitivity  of  EphA2  signaling  stems  from  physical 
impedance  of  endocytosis."  Adrienne  Greene,  (Poster),  56th  Biophysical  Society 
meeting,  February  2012,  San  Diego,  CA 

•  "Spatial  organization  of  Eph2  and  its  effects  on  internalization  and  signaling  in  living 
cells."  Samuel  Lord  (Poster),  56th  Biophysical  Society  meeting,  February  2012,  San 
Diego,  CA 

•  "Determining  if  spatio-mechanosensitivity  of  EphA2  signaling  stems  from  physical 
impedance  of  endocytosis."  Adrienne  C.  Greene  (Poster),  Systems  Imaging:  Applications 
in  Immunology  and  Cencer  meeting,  January  2012,  University  of  New  Mexico  Cancer 
Center,  NM.  Also  presented  at  American  Society  for  Cell  Biology  meeting,  December 
2011,  Denver,  CO 
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•  "EphA2  Spatial  Organization  and  Mechanobiology  in  Breast  Cancer  Cells  on  Supported 
Lipid  Bilayers."  Samuel  Lord  (Poster),  DoD  Breast  Cancer  Research  Program  Era  of 
Hope  2011  Conference,  August  2011,  Orlando,  PL 

•  "Hybrid  Static/Pluid  Synthetic  Substrates  to  Investigate  the  Cell-Cell  Interface." 
Theobald  Lohnueller  (Poster),  2011  Physical  Sciences  Oncology  Center  site  visit, 
August,  2011,  Berkeley,  CA 

•  "Elucidating  the  role  of  ADAM  10  during  EphA2  endocytosis.”  I.  Jeena  Lee  (Poster), 
2011  Physical  Sciences  Oncology  Center  site  visit,  Berkeley,  CA,  August,  2011 

•  "Spatial  Organization  and  the  Mechanics  of  Signal  Transduction  in  Cell  Membranes." 
Samuel  Lord  (Oral  Presentation),  Conference  on  Biological  Membranes  and  Membrane 
Proteins,  June  2011,  Snowmass,  CO 

Degrees  Obtained 

•  Qian  Xu,  PhD 

Funding  Applied  for  Based  on  Work  Supported  by  this  Grant 

•  Adrienne  C.  Greene:  Department  of  Defense,  National  Defense  Science  and  Engineerng 
Graduate  (NDSEG)  Fellowship  (2011) 

Employment  or  Research  Opportunities  Applied  for  and/or  Received  Based  on 
Experience/T raining  Supported  by  this  Award 

•  Theobald  Lohmiiller:  Nanochemistry  Group  Leader,  Chair  for  Photonics  and 
Optoelectronics,  Ludwig-Maximilians-Universitat  Miinchen 

•  Dr.  Qian  Xu:  Postdoctoral  Research  in  Professor  Taekjip  Ha’s  laboratory 


Conclusions 

Here  we  report  significant  progress  on  understanding  the  role  of  EphA2  mechanosensing  in 
cancer  malignancy.  We  have  unraveled  that  three  important  mechanisms  involved  in  the  EphA2- 
ephrinAl  mechanosensitivity  include  EGFR  signaling,  endocytosis  and  the  PI3K  pathway.  To 
the  best  of  our  knowledge,  misregulation  of  these  two  pathways  have  not  been  implicated  in 
mechanosensing  and  breast  cancer.  To  move  forward  with  this  work,  live  cell  assays  will  provide 
real-time  information  on  the  regulation  of  EphA2  cluster  formation.  We  have  also  developed  a 
robust  live-cell  EphA2-clustering  assay  that  identifies  clustering  phenotypes  that  correlate  to  the 
invasion  potential  of  breast  cancer  cell  lines.  We  look  forward  to  using  this  platform  to  screen  for 
known  small  molecule  inhibitors  targeting  other  signaling  pathways  that  alter  the  observed 
EphA2  phenotype.  This  assay  can  be  exploited  as  a  tool  to  understand  the  molecular  signaling 
crosstalk  of  EphA2  with  other  signaling  pathways,  yielding  insight  into  targeted  drug  design, 
effective  use  of  existing  drugs  as  well  as  the  regulation  of  EphA2.  Overall,  dissecting  the  EphA2 
mechanosensing  pathway  in  breast  cancer  has  yielded  promising  and  influential  results.  Future 
work  based  on  these  results  will  clarify  the  role  of  EphA2  in  breast  cancer  and  how  it  can  be 
targeted  to  cure  this  disease. 
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47.  Anal.  Chem.  2006,  78,  174-180:  "Surface  binding  affinity  measurements  from  order  transitions  of  lipid 
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48.  ChemBioChem  2006,  7,  436-440:  "A  Fluid  Membrane-Based  Soluble  Ligand  Display  System  for  Live  Cell 
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2733875 

49.  Phys.  Rev.  Lett.  2006,  96,  118101:  "Hydrodynamic  damping  of  membrane  thermal  fluctuations  near 
surfaces  imaged  by  fluorescence  interference  microscopy",  Yoshihisa  Kaizuka  and  JayT.  Groves.  PMID: 
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anchored  proteins  and  their  behavior  in  supported  lipid  bilayers",  Margot  G.  Paulick,  Amber  R.  Wise,  Martin 
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EphA2  Receptor  Activation  by  Monomeric  Ephrin-AI  on  Supported 
Membranes 
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ABSTRACT  The  receptor  tyrosine  kinase  EphA2  interacts  with  its  glycosylphosphatidylinositol  (GPI)-linked  ephrin-AI  ligand  in 
a  juxtacrine  configuration.  The  soluble  ephrin-AI  protein,  without  its  GPI  membrane  linker,  fails  to  activate  EphA2.  However, 
preclustered  ephrin-AI  protein  is  active  in  solution  and  has  been  frequently  used  to  trigger  the  EphA2  receptor.  Although  this 
approach  has  yielded  insights  into  EphA2  signaling,  preclustered  ligands  bypass  natural  receptor  clustering  processes  and 
thus  mask  any  role  of  clustering  as  a  signal  regulatory  mechanism.  Here,  we  present  EphA2-expressing  cells  with  a  fusion 
protein  of  monomeric  ephrin-AI  (mEAl)  and  enhanced  monomeric  yellow  fluorescent  protein  that  is  linked  to  a  supported  lipid 
bilayer  via  a  nickel-decahistidine  anchor.  The  mEAl  is  homogeneously  dispersed,  laterally  mobile,  and  monomeric  as  measured 
by  fluorescence  imaging,  correlation  spectroscopy,  and  photon  counting  histogram  analysis,  respectively.  Ephrin-AI  presented 
in  this  manner  activates  EphA2  on  the  surface  of  MDA-MB-231  human  breast  cancer  cells,  as  measured  by  EphA2  phosphor¬ 
ylation  and  degradation.  Spatial  mutation  experiments  in  which  nanopatterns  on  the  underlying  substrate  restrict  mEAl  move¬ 
ment  in  the  supported  lipid  bilayer  reveal  spatio-mechanical  regulation  of  this  signaling  pathway,  consistent  with  recently 
reported  observations  using  a  synthetically  cross-linked  ephrin-AI  dimer. 


INTRODUCTION 

Eph  receptor  tyrosine  kinases,  through  binding  to  either 
glycosylphosphatidylinositol  (GPI)-linked  or  transmem¬ 
brane  ephrin  ligands,  are  important  regulators  of  cell  adhe¬ 
sion,  migration,  and  vascular  development  (1).  Eph  and 
ephrin  interactions  have  been  shown  to  both  suppress  and 
promote  cancer  formation  by  altering  cell  repulsion 
and  migration  (2).  In  particular,  EphA2  and  its  GPI-linked 
ligand  ephrin-AI  are  important  in  maintaining  many 
different  tumor  types  (3).  Overexpression  of  EphA2  in  non- 
transformed  mammary  epithelial  cells  confers  malignant 
transformation  and  tumorigenic  potential  (4,5).  Decreasing 
expression  of  EphA2  can  reverse  metastatic  behavior  in 
immortal  breast  epithelial  cell  lines  (6).  In  addition  to  these 
pro-oncogenic  properties  of  overexpressed  EphA2,  this 
receptor  has  also  been  shown  to  suppress  tumorigenesis. 
For  example,  EphA2  knockout  mice  are  more  susceptible 
to  develop  skin  cancer  upon  exposure  to  known  carcinogens 
(7).  These  findings,  among  others,  have  led  EphA2  to  become 
a  target  for  cancer  therapeutics. 

EphA2  consists  primarily  of  an  intracellular  kinase 
domain,  an  extracellular  ligand-binding  domain,  and  a  trans¬ 
membrane  domain  (8).  Activation  of  EphA2  is  marked  by 
phosphorylation  of  the  kinase  domain  (9)  and  can  lead  to 
receptor  internalization  and  degradation  through  the  recruit¬ 
ment  of  metalloproteases  to  the  cell  membrane  (10). 
Ligand-induced  receptor  activation  occurs  upon  the  binding 
of  EphA2  to  its  ephrin-AI  ligand  presented  on  apposed  cell 
membranes.  Ligand  binding  is  generally  followed  by  dimer- 
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ization  of  the  receptor-ligand  complex,  oligomerization  as 
a  result  of  three  distinct  ligand  binding  sites  on  the  receptor 

(11) ,  and  possibly  larger  scale  cell  surface  reorganization 

(12) .  The  clustering  and  subsequent  endocytosis  of  EphA2 
has  been  hypothesized  as  a  method  of  regulating  cell  surface 
EphA2  levels  (13).  Ligand-induced  receptor  clustering  has 
been  proposed  as  a  likely  source  of  signal  regulation  that 
is  independent  of  any  conformational  changes  within  the 
receptor  and  therefore  a  potential  deregulatory  mechanism 
in  Eph-overexpressing  tumors  (14). 

The  hybrid  live  cell- supported  lipid  bilayer  (SLB)  junc¬ 
tion,  in  which  one  cell  surface  in  a  juxtacrine  signaling 
process  is  replaced  by  a  SLB  displaying  ligands  of  interest, 
has  proven  to  be  an  effective  strategy  to  examine  cell-cell 
signaling  (12,15-18).  SLBs  can  be  formed  by  the  sponta¬ 
neous  self-assembly  of  a  phospholipid  bilayer  upon  deposi¬ 
tion  of  vesicles  onto  a  silica  support  (19,20).  The  resulting 
membrane  is  continuous  and  fluid,  with  lipid  lateral  mobil¬ 
ities  typically  ranging  from  1  to  3  iam2/s  (21,22).  GPI-linked 
proteins  can  be  incorporated  into  SLBs  without  loss  of 
mobility  (23).  In  many  cases,  including  the  work  presented 
here,  protein  linkage  to  the  membrane  by  multivalent  inter¬ 
actions  between  decahistidine  tails  on  the  protein  and 
Ni-chelating  lipids  in  the  membrane  is  equally  effective 
(24),  and  technically  much  simpler  (25,26).  We  have 
recently  used  the  live  cell-SLB  junction,  functionalized 
with  a  preclustered  EA1  ligand,  to  study  properties  of 
EphA2  signaling  (12).  This  work  revealed  that  the  EphA2 
signaling  pathway  is  sensitive  to  the  physical  restriction 
of  receptor-ligand  movement  over  micron  length  scales 
within  the  plane  of  the  cell-SLB  interface.  These  results 
raise  interesting  hypotheses  concerning  the  possibility  of 
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mechano sensing  in  relation  to  EphA2  signaling  and  they 
also  underscore  the  importance  of  large-scale  receptor 
assembly  as  a  regulatory  component  of  signaling.  In  this 
regard,  however,  the  use  of  preclustered  ligands  is  especially 
problematic  because  it  essentially  bypasses  natural  receptor 
assembly  processes. 

Eph  receptors  bind  to  ephrin  ligands  as  a  1:1  complex 
(27)  and  can  be  activated  by  ephrin  expressed  on  cell 
membranes  or  in  a  preclustered  format  (28).  Soluble  mono¬ 
meric  ephrin  has  generally  been  considered  inactive. 
However,  a  recent  report  suggests  that  the  media  containing 
soluble  and  monomeric  ephrin-Al,  released  from  tumor 
cells,  through  possible  cleavage  processes,  is  capable  of 
activating  EphA2  in  paracrine  signaling  (29).  These  contra¬ 
dictory  findings  underscore  the  complexity  of  Eph/ephrin 
interactions.  Based  on  prior  observations  of  inactive  mono¬ 
meric  protein  ligands  becoming  active  in  juxtacrine 
signaling  from  supported  membranes,  for  example  major 
histocompatibility  complex  in  T  cell  receptor  signaling 
(30)  and  neuroligin  in  neurexin  signaling  (31),  we  hypothe¬ 
sized  that  laterally  mobile  and  monomeric  ephrin-Al  pre¬ 
sented  on  a  supported  membrane  may  activate  the  EphA2 
receptor  in  the  absence  of  synthetic  cross-linking  agents. 
Furthermore,  this  platform  will  provide  a  useful  tool  to 
study  the  signaling  pathway  and  the  effects  of  natural 
receptor  clustering  processes. 

We  constructed  a  fusion  protein  of  monomeric  ephrin-Al 
(mEAl),  enhanced  yellow  fluorescent  protein  (EYFP),  and 
a  10-histidine  (H10)  tail.  We  have  previously  shown  that 
H10  tails  can  form  essentially  irreversible  multivalent 
linkage  with  Ni-chelating  lipids  in  SLBs  when  assembled 
using  kinetically  controlled  parameters  (26).  Fluorescence 
imaging  of  the  mEAl-EYFP-HIO  fusion  protein  in  SLBs 
reveals  that  it  is  homogeneously  distributed.  Fluorescence 
correlation  spectroscopy  confirms  that  it  is  laterally  mobile 
with  a  diffusion  coefficient  similar  to  that  of  the  lipids, 
and  photon  counting  histogram  analysis  reveals  the  protein 
to  be  predominantly  monomeric  on  the  membrane  surface. 
The  supported  membrane-associated  mEAl  activates  the 
EphA2  receptor  signaling  pathway  in  live  EphA2-express- 
ing  human  breast  cancer  cells  (MDA-MB-231),  as  mea¬ 
sured  by  receptor  phosphorylation  and  degradation.  The 
soluble  mEAl  is  inactive  in  these  experiments.  Addition¬ 
ally,  spatial  mutation  experiments  in  which  nanopatterned 
structures  on  the  underlying  substrate  are  used  to  manipulate 
the  movement  and  assembly  of  receptor-ligand  complexes 
reveal  spatio-mechanical  influences  over  the  EphA2 
signaling  pathway  similar  to  recently  reported  observations 
using  a  synthetically  cross-linked  ephrin-Al  dimer,  EAl-Fc 
(12).  Large-scale  EphA2/ephrin-Al  assembly  occurs  during 
activation  even  without  any  preclustering  of  the  ligand  and 
mechanical  interference  with  this  process  leads  to  distinct 
alterations  in  cell  behavior,  as  observed  by  cytoskeleton 
morphology  and  recruitment  of  the  metalloprotease, 
ADAM  10. 


MATERIALS  AND  METHODS 

This  section  has  been  moved  to  the  Supporting  Material. 


RESULTS  AND  DISCUSSION 

EA1  association  with  supported  membranes 
is  stable  and  properly  oriented 

The  EA1  fusion  protein  is  expressed  by  combining  the 
human  monomeric  EA1  ectodomain  sequence,  along  with 
the  EYFP  sequence  (as  a  1:1  construct  between  EA1  and 
EYFP),  with  an  H10  tail  on  the  C-terminus  for  linkage  to 
Ni-chelating  lipids,  which  are  incorporated  into  the  sup¬ 
ported  membrane  at  molar  ratios  ranging  from  0.005  to 
0.06  (Fig.  1  A  and  Fig.  SI  in  the  Supporting  Material). 
Multivalent  Ni-histidine  interactions  are  necessary  to  stably 
associate  protein  through  this  method  (Fig.  1  A  inset )  (26). 
Typically,  protein  is  incubated  under  carefully  tuned  kinetic 
control  parameters  to  optimize  for  multivalent  interactions. 
It  is  also  generally  necessary  to  allow  a  desorption  period  to 
remove  weakly  associated  protein.  Although  equilibrium  is 
never  fully  reached,  stable  multivalently  bound  His-tagged 
proteins  can  be  achieved  with  reproducible  results.  A 
Ni-histidine  dissociation  curve  is  generated  to  show  that 
the  mutlivalent  Ni-bound  protein  remains  stably  bound 
to  the  SLB  for  at  least  16  h  (Fig.  1  B).  The  protein  linkage 
through  histidine-chelated  Ni  interactions  is  confirmed  by 
the  addition  of  100  mM  EDTA,  which  strongly  sequesters 
metal  ions  and  leads  to  dissociation  of  protein  bound  in 
this  manner  (Fig.  1  B). 


EA1  is  mobile  and  predominantly  monomeric 
in  supported  membranes 


Fluorescence  correlation  spectroscopy  (FCS)  along  with  its 
counterpart  photon  counting  histogram  (PCH)  analysis  offer 
a  powerful  means  to  quantify  the  lateral  mobility  and  the 
cluster  size  distribution  of  EA1  on  the  SLB  surface  (32). 
A  typical  time  autocorrelation  function  of  fluorescence 
intensity  fluctuations  from  membrane-bound  EA1  is  plotted 
in  Fig.  2  A.  The  data  is  fitted  to  an  analytical  expression  of 
normal  two-dimensional  diffusion  in  a  two-dimensional 
Gaussian  illumination  spot, 


G ^  Nave  X  1  +r/rD’ 


(1) 


where  Nave  represents  the  average  number  of  independent 
molecules,  t  is  the  time  interval,  and  rD  represents  the  char¬ 
acteristic  residence  time  (33).  Based  on  this  model,  the 
calculated  diffusion  coefficient  for  membrane  EA1  is 
2.3  ±  0.2  /mi2/s.  This  value  is  typical  for  lipid  diffusion 
in  supported  membranes  (34)  and  also  consistent  with 
fluorescence  recovery  after  photobleaching  experiments 
(Fig.  S2).  Although  tempting,  one  should  not  infer  from 
this  observation  that  the  protein  is  monomeric.  For  FCS  to 
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FIGURE  1  Schematic  diagram  of  the  experimental  setup.  (A)  EphA2-expressing  breast  cancer  cells  are  cultured  on  a  SLB  consisting  of  a  tunable  surface 
density  of  EA1  fusion  proteins.  This  fusion  protein  is  designed  by  linking  the  soluble  portion  of  monomeric  human  ephrin-AI  with  enhanced  YFP  that  has  an 
A206K  mutation  to  prevent  dimer  formation.  The  inset  shows  the  anchoring  strategy,  which  is  stable  when  the  decahistidine  sequence  at  the  C-terminus  of  the 
fusion  protein  is  chelating  multiple  Ni  ions  that  are  chelated  by  a  tunable  subset  of  lipids  within  the  bilayer.  (B)  Ni-histidine  dissociation  curve  shows  that 
protein  binding  reaches  a  kinetically  trapped  state  {plateau  in  graph  between  3  and  16  h)  that  is  stable  and  therefore  insensitive  to  rinsing  steps  well  beyond 
the  timescale  of  experiments.  The  bilayer  is  incubated  at  25° C  for  the  entirety  of  the  measurements  except  for  an  hour  at  37° C  in  warm  cell  media  after  the 
first  2  h.  The  high  temperature  incubation  period  is  performed  to  mimic  the  period  after  cells  are  introduced  and  then  incubated  at  37° C  for  an  hour. 


resolve  two  different  species  by  their  diffusion  coefficients, 
a  significant  and  well-defined  difference  in  mobility  is 
necessary  (35).  Because  the  EA1  is  anchored  to  the 
membrane,  its  mobility  is  dominated  by  the  membrane 
(36).  As  such,  there  is  no  well-defined  scaling  of  molecular 
mobility  with  size  and  furthermore,  the  effective  size  of 
dimers,  trimers,  etc.,  is  not  at  all  clear  (37).  In  light  of  these 
complexities,  molecular  mobility  is  an  unreliable  indicator 
of  molecular  size  or  state  of  clustering. 

Direct  analysis  of  the  distribution  of  photon  arrival  times 
(PCH)  emitted  by  the  EYFP  molecules  (that  are  genetically 
fused  to  EA1)  diffusing  through  the  open  confocal  spot 
provides  a  significantly  more  sound  method  of  determining 
the  aggregation  state  of  EA1  (Fig.  2  B ).  The  fluorescence 
intensity  fluctuations  caused  by  the  EYFP  molecules 
yield  a  super-Poisson  (Poi)  distribution  of  photon  counts 
arriving  at  the  detector  for  a  given  time  interval  (38).  By 
choosing  a  time  interval  that  is  short  relative  to  the  timescale 
for  molecules  to  move  through  the  laser  spot,  the  PCH 
reflects  the  cluster  size  distribution  and,  importantly,  is  inde¬ 
pendent  of  mobility.  The  probability  distribution  of  a  single 
molecule,  p(1),  diffusing  within  a  closed  system,  V0,  is 
expressed  as 

pw(k;V 0,e)  =  j  Poi  (k,ePSF(7))p(7)d7,  (2) 


where  PSF  is  the  scaled  point  spread  function  for  synchro¬ 
nizing  the  PCH  volume  with  the  FCS  volume,  p(r)  repre¬ 
sents  the  probability  to  find  the  molecule  at  position  r ,  k 
is  the  detected  photon  count,  and  e  is  the  molecular  bright¬ 
ness  of  the  molecule.  For  A  independent  and  identical  mole¬ 
cules,  the  joint  probability  distribution  p(A°  is  calculated 
from  consecutive  convolutions  of  p(1).  It  is  expressed  as 

p{N\k;Vo,e)  =  (p(11)®...®/41))(fc;V ’0,e).  (3) 

It  is  numerically  easier  and  equally  accurate  to  select 
a  reference  volume  (Vi)  that  is  smaller  than  the  reservoir 
(Vo)  for  deriving  the  PCH  probability  distribution  so  that 
the  A  value  can  remain  small  (38).  The  probability  distribu¬ 
tion  for  multiple  molecules  in  an  open  system  is  the  expec¬ 
tation  value  of  p(7V),  which  is  weighted  by  the  Poissonian 
probability,  p#(N),  of  observing  A  particles, 

Y[(k;NPSF,e)=p(k-,VuN,e)  =  (pm(k;V ue))N 

oo 

=  Y>w(*;Vi,e)p#(  N),  (4) 

N  =  0 

where  the  change  from  A  to  NPsf  reflects  the  selection  of 
a  Vi  that  is  smaller  than  V0.  This  change  does  not  affect 
the  photon  count  probability  because  this  probability  of  an 
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FIGURE  2  Characterization  of  mEAl-SLB  surface  heterogeneity  and 
protein  cluster  size.  (A)  FCS  is  used  to  determine  the  heterogeneity  of  the 
surface.  Values  are  fitted  to  a  standard  two-dimensional,  single  component 
curve.  The  diffusion  constant  calculated  for  the  majority  species  is  compa¬ 
rable  to  protein  diffusion  constants  on  cell  membranes  in  vivo.  A  derivation 
of  the  autocorrelation  function  is  used  to  relate  the  fraction  of  monomer 
to  the  average  aggregation  number  (Q).  From  two  independent  FCS 
experiments,  the  derived  function  predicts  that  the  fraction  of  monomeric 
species  is  77  ±  7%  for  a  Q  value  of  three.  ( B )  The  PCH  is  best  fit  by  a 
two  species  fit.  The  majority  of  the  surface  protein  molecules  (76  ±5%) 
exhibit  an  average  fluorescence  intensity  corresponding  to  a  single  EYFP 
flourophore,  indicating  that  the  majority  of  the  species  exists  as  monomer 
fusion  proteins.  This  percentage  is  an  average  across  three  independent 
PCH  experiments. 


open  system  is  independent  of  the  volume  V\  as  long  as  this 
probability  can  be  referenced  to  the  concentration  of  the 
molecule  (38).  In  the  case  of  membrane  EA1,  an  accurate 
independent  measurement  of  the  surface  density  of  EA1  is 
required  to  determine  the  N.  This  is  achieved  using  quanti¬ 
tative  fluorescence  (QF)  microscopy,  which  calibrates 
fluorescence  from  the  membrane-bound  analyte  with  fluo¬ 
rescent  lipid  standards  with  known  membrane  surface  densi¬ 
ties  (39).  Once  this  value  is  determined  through  QF,  it  is 
inserted  into  Eq.  4  and  the  resulting  probability  distribution 
is  used  to  fit  the  membrane  EA1  PCH.  Because  the  PCH 
analysis  has  been  experimentally  demonstrated  to  be 
capable  of  resolving  the  aggregation  state  of  fluorescent 
proteins  (40),  given  an  accurate  value  of  N ,  both  the  average 
aggregation  state  ( Q )  and  fraction  (F)  of  monomeric  EA1 
can  be  determined  from  the  best  fit  probability  distribution, 
which  has  a  local  %2  value  closest  to  one.  Interestingly,  the 
relationship  between  Q  and  F  can  be  separately  derived 
from  the  G(0)  of  the  autocorrelation  function  for  a  two- 
component  model  as 


C(0)  = 


(5) 


where  N  is  determined  by  QF  measurements  and  G(0)  is 
calculated  from  Eq.l  as  1  /Nave  (see  the  Supporting  Material 
for  derivation).  Therefore,  for  a  given  integral  value  of  Q , 
the  F  value  can  be  predicted  by  Eq.  5. 

The  precision  with  which  both  FCS  and  PCH  can  deter¬ 
mine  the  surface  density  is  characterized  using  lipid  bilayer 
standards  (Fig.  S3,  A-B ).  FCS  and  PCH  results  are  in  precise 
agreement  with  each  other  as  well  as  the  known  surface 
densities  for  boron-dipyrromethene  (Bodipy)  fluorescent 
dyes  bound  to  the  headgroups  of  phospholipid  molecules 
incorporated  into  the  bilayer  at  molar  ratios  of  0.0001, 
0.0002,  and  0.0004,  (Fig.  S3,  C-D).  For  these  standards, 
the  fluorescent  lipid  molecules  are  expected  to  move  as 
monomers,  in  which  case  N  is  simply  the  number  of  mole¬ 
cules.  Using  these  three  standard  lipid  membranes,  QF  is 
performed  to  determine  the  surface  density  of  membrane 
EA1.  Calibration  of  spectral  properties  between  the  YFP 
fluorophore  on  EA1  and  the  lipid  standard  is  performed  in 
solution  to  obtain  a  scaling  factor  (39)  of  0.7  (Fig.  S4  A). 
This  relationship  is  linear  at  unsaturated  fluorophore 
concentrations  (39),  enabling  direct  extrapolation  to  deter¬ 
mine  the  EA1  surface  density  from  measured  fluorescence 
intensity  (Fig.  S4  B).  When  N  determined  from  surface 
density  measurements  by  QF  is  used  to  interpret  the  two 
species  autocorrelation  function  (Eq.  5),  77  ±  7%  of  EA1 
is  found  to  be  monomeric  (mEAl)  and  the  remaining  13% 
has  a  Q  value  of  3  (trimers).  Similarly,  the  best  probability 
distribution  fit  to  the  PCH  data  is  a  two  species  curve  result¬ 
ing  in  an  average  local  x  of  1.0  ±  0.2,  corresponding  to 
76  ±  5%  mEAl  with  Q  also  equal  to  3.  The  EA1  domain 
itself  appears  to  be  responsible  for  this  clustering  based 
on  comparison  to  a  similar  fusion  protein  containing  the 
extracellular  domain  of  intercellular  adhesion  molecule  1 
(ICAM)  fused  to  YFP-H10  (ICAM-YFP-H10)  (26,41). 
Both  FCS  and  PCH  analyses  indicate  ICAM-YFP-H10  to 
remain  -100%  monomeric  under  similar  conditions  (Fig.  S5 
and  Fig.  S6). 

To  gauge  the  precision  of  this  methodology  to  determine 
clustering  state,  probability  distributions  are  also  calculated 
for  cases  of  several  different  aggregation  states:  solely 
monomeric,  dimeric,  or  trimeric  EA1.  The  respective  resid¬ 
uals  are  plotted  in  Fig.  S6.  The  resolution  of  PCH  in  distin¬ 
guishing  between  aggregation  states  can  be  revealed  in 
the  poor  %2  values  of  these  cases.  We  conclude  from  two 
independent  methods  that  the  membrane- associated  EA1 
is  predominantly  monomeric. 

EphA2  activation  by  membrane-associated  EA1 

After  careful  characterization  of  the  membrane- associated 
EA1  surface,  MDA-MB-231  cells,  a  highly  invasive  breast 
epithelial  cancer  cell  line  that  overexpresses  EphA2  (42), 
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are  cultured  on  this  surface  under  similar  conditions  used  for 
the  surface  characterization,  and  its  EphA2  activation  is 
measured.  EphA2  triggering  by  membrane-associated  eph- 
rin-Al  has  been  previously  characterized  through  the  phos¬ 
phorylation  and  degradation  of  this  receptor  tyrosine  kinase 
(12).  These  properties  can  be  measured  in  two  different 
manners:  i),  fluorescence  microscopy  to  image  immuno- 
stained  signaling  molecules  colocalizing  with  EphA2,  such 
as  phosphotyrosine  and  the  metalloprotease  ADAM  10,  and 
ii),  Western  blot  analysis  to  determine  degradation  and 
phosphorylation  of  EphA2.  In  this  case,  both  methods  are 
employed  to  determine  EphA2  activation  by  membrane  asso¬ 
ciated  EA1. 

First,  to  examine  whether  EphA2-expressing  cells  are 
responsive  to  changes  in  ligand  concentration,  MDA-MB- 
231  cells  are  incubated  on  different  EA1  surfaces  with 
different  surface  densities  that  are  representative  of  typical 
cell  surface  concentrations  of  EA1.  The  EA1  surface  density 
can  be  titrated  by  changing  both  the  solution  incubation 
concentration  and  the  molar  percent  of  Ni  capturing  lipids 
incorporated  into  the  supported  membrane  (Fig.  3  A).  The 
resulting  mEAl  surface  densities  are  measured  using  QF 
microscopy  as  previously  described  (39).  After  10  min  of 
incubation,  the  cells  are  fixed  and  permeabilized.  Fluores- 
cently  labeled  antibodies  staining  for  EphA2  and  phospho¬ 
tyrosine  are  imaged  using  epifluorescence  microscopy 
(Fig.  3  B).  These  representative  images  show  the  formation 
of  EphA2  microclusters  that  colocalize  with  the  microclus¬ 
ters  of  mEAl,  imaged  for  the  same  cell.  Similarly,  phospho¬ 
tyrosine  immunofluorescence  also  colocalizes  with  mEAl 
microclusters.  The  EphA2  receptor  expressed  on  the 
membranes  of  MDA-MB-231  cells  are  interacting  with 
membrane  mEAl  proteins  and  there  are  high  levels  of  phos¬ 
phorylation,  suggesting  EphA2  activation.  This  colocaliza¬ 
tion  is  observed  for  mEAl  surface  densities  ranging  from 
just  a  few  molecules  to  hundreds  of  molecules/^m2.  The 
membrane  mEAl  fusion  protein  presented  to  MDA-MB- 
231  cells  is  capable  of  initiating  receptor  phosphorylation 
over  a  wide  range  of  surface  densities. 

Next,  the  lateral  reorganization  and  clustering  of  the 
mEAl  fusion  protein  is  examined  over  the  course  of  an 
hour.  This  incubation  time  is  previously  shown  to  be  a  useful 
observation  time  for  the  central  transport  of  membrane  EA1 
by  EphA2  expressing  cells  (12).  The  EphA2  density  on 
the  surface  of  MDA-MB-231  is  approximately  several 
hundreds  of  molecules/^m2;  the  surface  density  for  mEAl 
is  fixed  at  a  similar  value  for  these  experiments.  Cells 
were  fixed  and  permeabilized  after  incubations  of  5,  10, 
20,  and  60  min  for  imaging  (Fig.  S7).  At  early  time  points 
(5  and  10  min),  Eph-ephrin  clusters  are  generally  micron¬ 
sized  or  smaller  and  are  randomly  distributed  across  the 
cell-SLB  interface.  Within  1  h  of  cell  engagement,  these 
clusters  coalesce  into  larger  clusters  that  are  transported  to 
the  center  of  the  cell-SLB  interface,  resulting  in  a  central 
contact  zone  several  microns  in  diameter  enriched  in 
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FIGURE  3  Surface  density  titration  of  mEAl  and  immunofluorescence 
images  of  MDA-MB-231  cells.  (A)  The  surface  density  of  mEAl  is 
achieved  by  varying  the  solution  incubation  concentration  above  the  bilayer 
and  the  molar  ratio  of  Ni  capturing  lipids  within  the  bilayer  through  kinetic 
control  parameters.  The  surface  density  measurements  are  performed  using 
quantitative  fluorescence  microscopy.  ( B )  MDA-MB-231  cells  are  fixed  and 
permeabilized  after  15-min  incubations  on  these  surfaces.  Antibodies 
against  phosphorylated  tyrosine  residues  (pY)  and  EphA2  are  used  to  detect 
phosphorylation  at  the  regions  of  mEAl  cluster  formation  and  to  stain  for 
the  presence  of  EphA2,  respectively.  For  high  mEAl  surface  densities 
(thousands  of  molecules//im2),  phosphorylated  proteins  are  recruited  to 
the  mEAl  microclusters.  At  low  mEAl  surface  densities  (hundreds  of 
molecules/)imi2),  EphA2  is  also  recruited.  These  results  suggest  that  over 
a  range  of  surface  densities,  phosphorylated  proteins  and  EphA2  colocalize 
with  mEAl  on  the  single  cell  level.  A  similar  result  is  observed  for  EphA2 
at  high  mEAl  surface  densities  and  pY  at  low  mEAl  surface  densities; 
recruitment  of  both  molecules  occurs  over  a  range  of  mEAl  surface  densi¬ 
ties  (results  not  shown).  Scale  bars  are  10  ^m. 


Eph-ephrin  complexes.  Temporal  progression  of  ADAM  10 
recruitment  to  Eph-ephrin  clusters  is  examined  through 
staining  cells  with  a  fluorescently  labeled  anti- AD  AM  10 
antibody.  ADAM  10  recruitment  is  a  known  step  of  the 
EphA2  degradation  pathway,  and  is  thought  to  enzymati¬ 
cally  cleave  the  ephrin  ligand  from  the  ligand-presenting 
surface  (10).  At  early  time  points  (5  and  10  min),  most  of 
the  ADAM  10  is  within  the  cell,  well  out  of  the  focal 
plane  of  the  objective,  resulting  in  a  blurred  ADAM  10 
signal  observed  using  epifluorescence  microscopy.  At  later 
time  points  (20  and  60  min),  we  observe  recruitment  of 
ADAM  10  to  the  EphA2-mEAl  clusters.  A  qualitative  anal¬ 
ysis  of  the  fluorescence  microscopy  images  suggest  that 
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mEAl  leads  to  EphA2  phosphorylation  and  degradation  as 
mediated  by  ADAM  10.  Furthermore,  these  results  suggest 
that  ADAM  10  recruitment  to  Eph-ephrin  clusters  is 
a  dynamic  process.  Despite  the  presence  of  a  small  minority 
of  oligomeric  EA1,  the  majority  mEAl  is  clearly  active 
because  essentially  all  of  the  available  EA1  on  the  supported 
membrane  is  sequestered  into  EphA2  signaling  clusters. 

Finally,  to  contextualize  these  findings  within  the  frame¬ 
work  of  classical  biochemical  techniques,  Western  blotting 
is  used  to  examine  EphA2  phosphorylation  and  degradation 
across  a  wide  range  of  mEAl  surface  densities  and  preclus¬ 
tered  states  (Fig.  4  and  Figs.  S8-S10).  MDA-MB-231  cells 
are  incubated  on  surfaces  displaying  different  surface  densi¬ 
ties  and  aggregation  states  of  mEAl,  including  both 
membrane  bound  as  well  as  in  solution.  After  2  h  incuba¬ 
tions,  the  cells  are  lysed  and  the  protein  supernatant  is 
analyzed.  On  the  basis  of  the  Western  blot  analysis,  we 
interpret  the  lack  of  increased  EphA2  downregulation  as 
no  EphA2  downregulation.  Exogenous  dimerization  is 
introduced  using  an  anti-green  fluorescent  protein  mouse 
monoclonal  IgG2a  antibody  to  cross-link  mEAl-eYFP- 
H10.  A  further  degree  of  clustering  is  introduced  through 
the  addition  of  a  goat  anti-mouse  IgG2a  antibody.  At  low 
surface  densities  of  EA1  (-100  molecules/^m2)  on  the 
SLB,  no  significant  EphA2  degradation  or  phosphorylation 
is  observed  regardless  of  the  degree  of  EA1  cross-linking. 
Notably,  this  contrasts  sharply  with  microscopy  data,  which 
indicates  strong  activation  at  similar  densities.  We  speculate 
that  Western  analysis  is  not  sufficiently  sensitive  to  monitor 
signaling  at  these  lower  EA1  levels. 

When  the  EA1  surface  density  is  increased  10-fold 
(-1000  molecules/^m2),  EphA2  degradation  and  phosphory¬ 
lation  levels  for  mEAl  is  measured  at  similar  levels  to  those 
observed  in  response  to  soluble  EAl-Fc,  the  synthetically 
cross-linked  ephrin-Al  dimer.  However,  the  membrane- 
bound  antibody  cross-linked  mEAl,  designed  to  mimic  the 


EAl-Fc,  is  not  as  activating  as  the  EAl-Fc  presented  on  a  sup¬ 
ported  membrane  through  a  Ni-histidine  linkage.  To  explain 
this  discrepancy,  the  length  scales  of  the  two  different  cross- 
linking  strategies  need  to  be  examined.  For  the  antibody 
cross-linked  mEAl,  the  distance  between  two  antigen 
binding  sites  of  an  antibody  is  -10  nm  (43),  and  this  spacing 
might  be  unfavorable  for  EphA2  activation.  On  the  other 
hand,  the  EAl-Fc  dimer  is  linked  by  a  disulfide  bond,  which 
is  -0.1  nm  in  length.  This  observation  is  consistent  with  the 
small  length  scales  required  for  the  recruitment  of  proteins 
in  Eph  signaling  that  has  been  previously  reported  (44). 
Similar  to  previous  reports  of  the  inactivity  of  soluble  mono¬ 
meric  ephrin-Al  (28),  we  also  observed  inactivity  of  the 
mEAl-eYFP-HIO  in  solution  for  both  EphA2  degradation 
and  phosphorylation  Western  blot  analyses.  Although  fluo¬ 
rescence  microscopy  measurements  suggest  that  EphA2 
can  be  activated  by  membrane  EA1  over  a  range  of  surface 
densities,  Western  blot  analysis  is  only  capable  of  detecting 
EphA2  activation  at  high  densities  of  membrane  EA1 
because  this  analysis  takes  into  account  the  fraction  of  total 
cell  surface  EphA2  that  is  downregulated.  Our  results  suggest 
that  activating  a  small  fraction  of  EphA2  can  initiate  a  full 
cellular  response. 

To  extend  observations  beyond  the  MDA-MB-231 
cell  line,  the  central  transport  of  membrane  mEAl  by 
EphA2  expressing  cells  is  also  observed  for  other  breast 
cancer  cell  lines  (Fig.  Sll).  After  an  hour  incubation 
on  supported  membranes  with  EA1  surface  densities  of 
-100  molecules/^m2,  a  similar  EA1 -bound  EphA2  transport 
leading  to  a  central  contact  zone  is  observed.  Immunofluo¬ 
rescence  images  of  EphA2  show  the  receptor  colocalizing 
with  mEAl.  The  enchanced  fluidity  of  the  Ni-histidine 
anchoring  strategy  allows  for  a  kinetically  faster  central 
transport  as  compared  to  the  synthetically  cross-linked  eph- 
rin-Al  dimer  on  supported  membrane  as  demonstrated 
previously  (12). 
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FIGURE  4  Western  blots  are  analyzed  from  the 
lysate  of  MDA-MB-231  cells  incubated  on 
different  surfaces  and  in  different  solutions.  The 
blots  are  stained  for  the  presence  of  EphA2.  In 
this  case,  the  degradation  of  EphA2  is  represented 
by  the  intensity  of  an  EphA2  band  between  75  and 
150  kDa.  The  lower  the  band  intensity,  the  greater 
the  receptor  degradation.  Intensity  measurements 
of  EphA2  bands  are  repeated  for  at  least  four 
unique  Western  blots  and  the  results  are  averaged 
across  the  blots.  Soluble  mEAl,  over  a  range  of 
concentrations  (results  not  shown),  does  not  induce 
significant  EphA2  degradation,  whereas  mEAl  on 
a  SLB  leads  to  EphA2  degradation.  Antibody 
cross-linked  mEAl  on  a  SLB  leads  to  EphA2 
degradation,  although  to  a  lesser  degree  than  pre¬ 
clustered  EAl-Fc.  At  low  surface  densities  of 
mEAl,  Western  blot  analysis  is  unable  to  detect 
significant  EphA2  activation  (Figs.  S8-S10). 
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EphA2  signal  regulation  in  MDA-MB-231  cells  has 
spatio-mechanical  dependency 

Sensitivity  of  the  EphA2  system  to  spatio-mechanical 
perturbation  is  tested  using  the  spatial  mutation  strategy. 
Patterns  of  metal  grids,  prefabricated  onto  the  underlying 
substrate,  restrict  the  lateral  mobility  of  membrane  mEAl 
as  well  as  ligand-engaged  EphA2  receptors  on  the  live 
cell.  Immunofluorescence  images  of  phalloidin-labeled 
actin  and  ADAM  10  detected  with  epifluorescence  and  total 
internal  reflection  fluorescence  microscopies,  respectively, 
show  the  altered  downstream  signals  as  a  consequence  of 
EphA2  spatial  mutation.  When  Eph-ephrin  clusters  are 
laterally  constrained  within  corrals  larger  than  five  microns 
in  pitch,  the  actin  cytoskeleton  is  concentrated  in  an 
annulus,  immediately  peripheral  to  the  Eph-ephrin  central 
assembly  (Fig.  5  A),  which  is  indicative  of  cell  contraction 
from  the  ephrin-presenting  surface.  When  grids  with 
narrower  pitches  are  prepatterned  onto  the  underlying  sub¬ 
strate,  the  cytoskeleton  displays  a  spreading  morphology, 
suggesting  mesenchymal  cell  behavior  (45).  Using  total 
internal  reflection  fluorescence,  which  excites  fluorophores 
within  70-100  nm  of  the  cell-SLB  interface  thereby  elimi¬ 
nating  a  majority  of  the  intracellular  fluorescence  signal 
(32),  increasing  ADAM  10  recruitment  is  observed  when 
Eph-ephrin  transport  is  less  hindered  (Fig.  5,  B  and  C). 


The  density  of  EphA2  on  the  membrane  surface  is  equal 
across  the  different  pitched  corrals,  suggesting  that  EphA2 
recruitment  to  the  cell  membrane  is  unaffected  by  the  Cr 
grids  (Fig.  5  C).  These  findings  suggest  that  EphA2  signal¬ 
ing  is  sensitive  to  the  lateral  organization  of  membrane 
mEAl.  Furthermore,  this  signaling  pathway  exhibits  a 
dependency  on  the  spatio-mechanical  organization  of  the 
EphA2  receptor. 

CONCLUSION 

Monomeric  ephrin-Al  displayed  on  a  supported  membrane 
successfully  triggers  EphA2  in  living  cells.  Importantly,  this 
system  enables  observations  of  natural  receptor  ligand  clus¬ 
tering  and  assembly  processes,  as  driven  by  the  EphA2 
receptor  expressing  cell.  We  affirm  some  fundamental  ob¬ 
servations  concerning  influences  of  mechanical  constraints 
of  ephrin-Al  ligand  movement  on  EphA2  signaling,  which 
had  been  originally  reported  using  only  chemically  cross- 
linked  ephrin-Al  ligands.  The  findings  presented  here  con¬ 
firm  that  the  spatio-mechanical  sensitivity  we  discovered  in 
the  EphA2  signaling  pathway  is  not  due  to  the  chemical 
cross-linking  of  ephrin-Al  from  using  a  streptavidin-biotin 
linkage.  However,  some  differences  in  the  kinetics  of 
assembly  are  also  noted  between  the  two  systems.  Through 


FIGURE  5  EphA2  pathway  activated  by  mEAl 
shows  a  spatio-mechanical  regulatory  component. 
(A)  Ligand-induced  EphA2  clustering  is  restricted 
with  chromium  barriers.  Epifluorescence  images 
show  cytoskeleton  annulus  formation  when  trans¬ 
port  is  unrestricted  and  cytoskeleton  spreading 
morphology  when  transport  is  restricted.  ( B )  Total 
internal  reflection  fluorescence  microscopy  and 
(C)  subsequent  quantitative  colocalization  analysis 
of  EphA2  to  ADAM  10  reveals  that  ADAM  10 
recruitment  occurs  only  when  receptor  transport 
is  unhindered.  An  average  of  200  cells  was 
analyzed  for  each  grid  pitch.  The  surface  density 
of  mEAl  used  for  these  experiments  is  approxi¬ 
mately  hundreds  of  molecules//xm2.  Scale  bars 
are  10  ^m. 
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the  use  of  a  monomeric  fluorescent  fusion  protein  of  ephrin- 
Al,  we  are  able  to  examine  the  initial  steps  of  Eph-ephrin 
clustering  and  transport  that  have  been  shown  to  play  vital 
roles  in  signal  transduction  and  is  functionally  altered  in 
cancerous  cells. 
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Juxtacrine  signaling  interactions  between  the  EphA2  receptor  tyrosine  kinase  and  its  ephrin-Al 
ligand  contribute  to  healthy  tissue  maintenance  and  misregulation  of  this  system  is  observed  in 
40%  of  human  breast  cancer.  Hybrid  live  cell  -  supported  membrane  experiments,  in  which 
membrane-linked  ephrin-Al  displayed  in  supported  membranes  interacts  with  EphA2  in  living 
cells,  have  revealed  large  scale  clustering  of  EphA2  -  ephrin-Al  complexes  as  well  as  their 
lateral  transport  across  the  cell  surface  during  triggering.  Additionally,  characteristics  of  these 
spatial  reorganization  processes  vary  between  different  breast  epithelial  cancer  cell  lines  derived 
from  different  patients  in  ways  that  correlate  with  invasion  potential.  Here,  we  utilize  lOOnm 
spaced  hexagonally  ordered  arrays  of  gold  nanoparticles  embedded  within  supported  membranes 
to  present  defined  obstacles  to  the  movement  and  assembly  of  EphA2  clusters.  Effectively,  we 
perform  size  exclusion  chromatography  on  EphA2  signaling  clusters  in  live  cell  membranes. 
Analysis  of  ten  different  breast  cancer  cell  lines  reveals  that  EphA2  transport  is  most  frustrated 
by  nanoparticle  arrays  in  the  most  highly  invasive  cell  lines.  These  observations  suggest  that 
strong  physical  association  among  EphA2  receptors,  as  well  as  their  assembly  into  larger 
clusters,  correlates  with  and  may  contribute  to  the  pathological  misregulation  of  the  EphA2  - 
ephrin-Al  pathway  in  breast  cancer. 
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Metastasis,  the  spread  of  malignant  tumor  cells  from  a  primary  tumor  to  different 
locations,  is  the  cause  for  over  90%  of  all  cancer  patient  fatalities. 1  Correspondingly,  therapeutic 
interventions  that  combat  metastasis  have  significant  potential  to  increase  life  expectancy. 
Metastasis  is  a  multistage  process  that  begins  with  invasion,  which  is  the  movement  of  cells  from 
their  primary  tumor  environment  into  adjacent  tissue,  and  ends  with  the  colonization  of  these 
cells  at  distant  sites.2  Physical  properties  of  the  microenvironment  surrounding  the  tumor  cells 
such  as  interstitial  pressure  and  tensional  force,  in  cooperation  with  the  intrinsic  biochemistry  of 
the  cells,  contribute  to  diseased  behavior.3’  4  Errant  intracellular  signaling  processes,  especially 
those  associated  with  receptor  tyrosine  kinases  (RTK),  have  also  been  identified  as  significant 
factors  in  cancer.5"7 

The  Eph  receptors  are  a  family  of  RTKs  that  bind  to  ephrin  ligands  in  a  juxtacrine 
configuration,  which  are  involved  in  the  positioning,  adhesion,  and  migration  of  cells  during 
early  development.8’  9  In  later  development,  they  maintain  their  role  in  cell -positioning  and 
regulating  cell-cell  repulsion  and  adhesion  interactions.8  As  part  of  a  chematactic  guidance 
system,  in  neural  stem  cells,  Eph  receptors  are  involved  in  recognizing  and  transmitting  signals 
from  the  extracellular  microenviroment  which  allows  the  cells  to  perform  signature  stem  cell 
activities  such  as  self-renewal  and  differentiation10,  and  are  therefore  sensitive  to  the  biophysical 
layout  and  biochemical  landscape  of  the  microenvironment.11  Eph  receptors  and  their  ephrin 
ligands  are  also  points  of  corruption  in  cancer  cell  invasion,  metastasis,  and  angiogenesis.12 
EphA2,  for  example,  which  binds  its  monomeric  ligand  ephrin- A 1  on  an  apposed  cell  membrane, 
is  overexpressed  in  over  40%  of  all  breast  cancers13  and  EphA2  overexpression  is  highly 
correlated  to  tumor  metastasis.14  At  expression  levels  similar  to  those  found  in  cancer  cells,  Eph 
clustering  can  lead  to  transforming  phenotypes  and  is  thought  to  be  responsible  for  metastatic 
behavior  in  patient  tissue  samples.15,  16  As  a  result,  much  attention  has  been  directed  towards 
developing  therapeutics  targeting  EphA2.  Strategies  include  promoting  the  elimination  of 
EphA2  by  antibody  stimulation17  or  targeting  cancer  cells  to  destruction  by  the  native  immune 
system  with  a  bispecific  antibody  that  recognizes  EphA2  and  the  T  cell  receptor/CD3  complex 
on  T  cells.18  Despite  its  known  role  in  cancer  and  its  potential  as  a  target,  what  precisely  goes 
wrong  with  the  EphA2  signaling  pathway  to  contribute  to  cancer  remains  unclear.  In  general, 
the  receptor  itself  is  not  mutated.13 
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We  have  previously  reported  that  ligand-induced  spatial  reorganization  of  the  EphA2 
receptor  correlates  with  invasion  potential.19  These  studies  further  revealed  that  downstream 
processes  in  the  EphA2  signaling  pathway,  namely  cytoskeleton  reorganization  and  recruitment 
of  the  ADAM  10  protease,  are  modulated  by  physical  constraints  imposed  on  receptor 
movement.19’ 20  EphA2  signaling  is  sensitive  to  physical  characteristics  of  the  environment,  such 
as  tissue  stiffness,  and  this  EphA2-mediated  mechanosensing  may  be  more  significantly 
deregulated  in  the  most  invasive  cancer  cell  lines.  If  these  insights  prove  to  be  true,  then 
therapeutic  strategies  that  directly  target  mechanical  aspects  of  EphA2  signaling  may  be 
effective. 

In  order  to  better  understand  the  spatio-mechanical  aspects  of  EphA2  signaling,  we 
employ  ordered  arrays  of  gold  nanoparticles  embedded  within  supported  membranes  to  present 
defined  obstacles  to  the  movement  and  assembly  of  EphA2  clusters.21  Effectively,  size-exclusion 
chromatography  is  performed  on  the  EphA2  signaling  clusters  in  living  cell  membranes.  Ten 
different  cell  lines,  with  increasing  invasion  potentials,  are  studied  to  determine  the  freedom  with 
which  EphA2  clusters  move  through  the  -lOOnm  spaced  array  of  fixed  gold  nanoparticle 
obstacles.  In  these  experiments,  a  supported  membrane  is  formed  on  a  glass  substrate  with  a 
preformed  nanoparticle  array,  resulting  in  a  continuous  and  fluid  supported  lipid  bilayer 
membrane  that  surrounds  the  fixed  array  of  nanoparticles.  Ephrin-Al  ligands  can  be  bound  to  the 
mobile  membrane  (via  Ni-poly  histidine  interactions)20,  22,  to  the  nanoparticles  (thereby 
becoming  immobile)21,  or  to  both. 

In  the  absence  of  physical  constraints,  triggering  of  EphA2  by  mobile  ephrin-Al  in  fluid 
supported  membranes  results  in  large-scale  clustering  of  EphA2-ephrin-Al  complexes,  followed 
by  their  inward  radial  transport  within  the  plane  of  the  interface,  and  ultimate  endocytosis.19,  20 
The  lateral  transport  of  EphA2-ephrin-Al  is  readily  imaged  by  fluorescence  microscopy.  This 
spatial  transport,  and  the  degree  to  which  it  is  frustrated  by  the  nanoparticle  arrays,  is  our 
observable.  Analysis  of  ten  different  breast  cancer  cell  lines  reveals  that  the  most  highly  invasive 
cells  also  exhibit  the  most  frustrated  EphA2  transport  through  the  gold  nanoparticle  obstacles. 
Stronger  physical  association  among  EphA2  receptors,  as  well  as  their  assembly  into  larger 
clusters,  correlates  with  and  may  contribute  to  the  pathological  misregulation  of  the  EphA2  - 
ephrin-Al  pathway  in  breast  cancer. 
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To  prepare  the  nanoparticle/supported  membrane  substrate,  arrays  of  gold  nanoparticles 
are  generated  on  top  of  a  glass  coverslip  through  block  copolymer  nanolithography.21’ 23  Only 
half  of  one  side  of  the  glass  surface  is  decorated  with  the  gold  nanoparticles  by  dip-coating  the 
coverslip  half  way  into  the  polymer  solution.  The  parameters  of  the  nanopattern  are  fixed  at  an 
interparticle  distance  of  ~100nm  and  a  particle  size  of  ~7nm,  matching  the  thickness24  of  the 
supported  membrane  (Fig.  1A).25  A  supported  lipid  bilayer  (SLB)  is  formed  on  the  bare  parts  of 
the  glass  surface  in  between  the  nanoparticles  through  vesicle  fusion.  Proteins  are  selectively 
tethered  to  either  the  nanoparticles  or  to  the  phospholipid  membrane  via  Ni-NTA/His-tag  binding 
(Fig.  IB).21  The  ephrin-Al  (EA1)  fusion  protein  is  designed  by  genetically  fusing  the 
ectodomain  of  human  monomeric  ephrin-Al  with  a  monomeric  fluorescent  Eos27  and  a  sequence 
of  ten  histidines  on  the  C-terminus.  EphA2  expressing  cancer  cells  can  be  activated  by 
homogeneously  distributed  monomeric  histidine-tagged  ephrin-Al  ligands  anchored  to  a 
supported  bilayer.20  The  presence  of  the  nanoparticle  array  is  found  to  have  no  effect  on  neither 
the  formation  nor  the  fluidity  of  the  bilayer  (Fig.  1C).21 

Since  only  half  of  the  substrate  is  covered  with  nanoparticles  while  the  bilayer  is  covering 
the  whole  glass  surface  area,  the  platform  offers  the  unique  flexibility  to  generate  three  different 
scenarios  of  EA1  presentation  for  live  cell  studies  (Fig.  2):  i)  mobile  EA1,  with  EA1  only 
anchored  to  the  SLB  (nanoparticles  are  not  functionalized),  ii)  immobile  EA1,  with  EA1  only 
tethered  to  the  nanoparticles  (SLB  is  not  functionalized),  and  Hi)  hybrid  EA1,  with  mobile  and 
immobile  EA1  tethered  to  the  SLB  and  nanoparticles,  respectively.  Since  the  molar  ratio  of  the 
Ni-NTA  lipids  in  the  bilayer  can  be  tuned  to  achieve  a  high  surface  density  of  mobile  membrane- 
associated  EA1  ligands,  the  combination  of  supported  membrane  and  nanoparticles  in  one 
configuration  yields  a  surface  on  which  the  majority  of  EA1  ligands  are  mobile,  while  a  much 
smaller  fraction  of  the  same  protein  is  immobilized  through  linkage  to  the  nanoparticles.  To 
control  for  nonspecific  cell  -  surface  interactions,  a  substrate  without  EA1  is  prepared. 

MDA-MB-231  cells,  a  highly  invasive  breast  epithelial  cancer  cell  line,  were  deposited 
on  surfaces  with  different  presentations  of  EA1.  After  one  hour  the  cells  were  imaged  with 
reflection  interference  contrast  microscopy  (RICM)  to  observe  the  regions  of  tightest  adhesion 
between  the  cell  membrane  and  the  supported  bilayer  interface  (Fig.  2).  In  case  of  completely 
mobile  EA1  presentation  (no  EA1  bound  to  nanoparticles),  a  tight  central  contact  region  between 
the  cell  membrane  and  the  SLB  on  the  glass  and  the  nanoparticle  side  was  observed  by  RICM 
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(Fig.  2A).  This  central  contact  region  also  represents  regions  of  highest  EA1  fluorescence 
intensity,  indicating  an  EphA2  driven  transport  process  associated  with  activation  in  the  MDA- 
MB-231  cells  which  has  been  discussed  in  previous  reports.20  The  presence  of  gold  nanoparticles 
embedded  in  the  membrane  does  not  lead  to  any  measureable  effect  on  cell  behavior.  In  order  to 
investigate  if  a  completely  immobile  ligand  presentation  will  lead  to  a  different  outcome,  the 
MDA-MB-231  cells  were  deposited  on  a  substrate  presenting  only  immobile  EA1.  Here,  cell 
spreading  and  the  formation  of  filopodia  protrusions  were  observed  (Fig.  2B).28  The  cells  line  up 
perfectly  along  the  edge  of  the  nanoparticle  pattern.  Scanning  electron  micrograph  images  show 
individual  cells  reaching  out  to  individual  EA1  coated  nanoparticles  (Fig.  2E-F).  No  cells  were 
found  to  attach  nonspecifically  to  the  unlabelled  bilayer  (Fig.  2B,  D).  To  verify  that  cell 
attachment  to  the  nanoparticles  is  specific,  cells  were  placed  on  a  surface  with  Ni-NTA 
functionalized  nanoparticles  but  without  EA1.  Most  of  the  cells  were  easily  rinsed  away.  These 
results  confirm  that  the  MDA-MB-231  cells  interact  with  the  substrate  in  an  EA1 -dependent 
manner. 

The  experiment  was  repeated  with  a  substrate  displaying  both,  mobile  and  immobile  EA1 
simultaneously  in  order  to  determine  which  adhesion  phenotype  would  prevail  (centralized 
contact  junction  or  spreading).  Two  distinctly  different  morphologies  were  observed  on  the  same 
glass  surface.  The  cells  on  the  nanoparticles  are  found  to  display  a  spreading  morphology  similar 
to  cells  cultured  on  a  substrate  with  only  immobile  EA1  (Fig.  2C).  In  contrast,  the  same  batch  of 
cells,  on  the  side  without  any  nanoparticles,  show  a  centralized  contact  region  as  expected  on  a 
completely  mobile  EA1  surface.  We  conclude  from  these  results  that  the  spreading  phenotype, 
observed  on  the  hybrid  side,  is  caused  by  the  presence  of  nanoparticle-bound  immobile  EA1 
ligands. 

To  determine  if  EphA2  signaling  molecules  are  recruited  to  the  cell  membrane  - 
supported  membrane  interface,  immunostained  antibodies  against  EphA2,  a  disintegrin  and 
metalloprotease  10  (ADAM10),  and  talin  were  imaged  with  total  internal  reflection  microscopy 
(TIRFM).  The  actin  cytoskeleton  was  stained  with  fluorescently-labeled  phalloidin.  ADAM  10 
and  talin  are  proteins  that  are  involved  in  EphA2  signaling  and  cytoskeleton  reorganization, 
respectively.  The  former  is  a  metalloprotease  that  is  known  to  mediate  the  detachment  of  ephrin 
from  the  ephrin-expressing  cell  membrane  upon  binding  to  Eph.29  Talin  is  a  cytoskeletal  protein 
that  is  commonly  found  in  regions  within  cell-cell  junctions.  Immunostained  cells  on  a 
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substrate  with  mobile  EA1  presentation  showed  EphA2,  ADAM  10,  and  talin  all  colocalizing 
with  the  EA1  in  the  center  of  the  SLB-cell  interface  (Fig.  3  -  Glass  Side).  Actin  forms  an 
annulus  around  the  EA1  in  the  center,  consistent  with  previous  reports  of  central  transport  of 
EAl-bound  EphA2  in  the  MDA-MB-231  cells.19’  20  On  the  nanoparticle  side,  in  the  hybrid 
mobile/immobile  scenario,  fixed  MDA-MB-231  cells  reveal  the  formation  of  actin  protrusions 
studded  with  EphA2  clusters  (Fig.  3  -  Nanoparticle  side).  ADAM  10  and  talin  molecules  are 
randomly  distributed  throughout  the  cell  -  supported  membrane  interface. 

These  results  confirm  that  the  distinct  differences  in  cellular  morphology  and  molecular 
recruitment  between  the  same  batch  of  MDA-MB-231  cells  cultured  on  the  hybrid  EA1  or 
mobile  EA1  side  of  the  same  substrate  are  due  to  the  presence  of  immobile  EA1  molecules. 
Despite  of  the  presence  of  laterally  mobile  EA1,  the  MDA-MB-231  cells  do  not  transport 
EAl/EphA2  clusters  to  the  center.  Instead,  all  centralized  radial  transport  breaks  down  and  the 
clusters  are  distributed  along  the  cell  membrane  -  supported  membrane  contact  area  wherein 
individual  cellular  protrusions  interact  with  immobile  EA1  preferentially  (Fig.  3  -  Nanoparticle 
Side). 

To  test  whether  the  sensitivity  of  MDA-MB-231  cells  in  detecting  small  portions  of 
immobile  EA1  in  the  hybrid  configuration  is  related  to  the  high  invasive  properties  of  this 
particular  cell  line,  the  experiments  were  repeated  with  a  non-invasive  epithelial  cancer  cell  line, 
MCF10A,  which  has  comparable  EphA2  mRNA  expression  as  the  MDA-MB-231  cells  but  is 
reportedly  non-invasive  and  non-tumorigenic.28  After  depositing  both  cell  lines,  individually,  on 
immobile  ephrin-Al  surfaces  with  the  same  incubation,  fixation,  and  staining  conditions, 
MCF10A  cells  show  a  distinctively  different  phenotypefrom  that  of  MDA-MB-231  cells  (Fig.  4). 
On  a  substrate  displaying  only  mobile  ephrin-Al  on  both  the  glass  side  and  the  nanoparticle  side, 
MCF10A  cells  remain  attached  after  rinsing  steps,  transporting  EA1  into  a  central  adhesion 
domain  where  EphA2  is  also  concentrated  (Fig.  4 A  -  mobile).  These  cells  do  not  attach  to  nor 
interact  with  the  substrate  displaying  only  immobile  EA1.  After  rinsing  steps,  the  MCF10A  cells 
are  mostly  detached  from  the  immobile  EA1  surface.  When  the  two  cell  lines  were  individually 
placed  on  substrates  displaying  hybrid  EA1  configurations,  we  observed  no  change  in  EphA2 
transport  by  the  MCF10A  cells  in  response  to  EA1  immobilized  nanoparticle  obstacles  (Fig.  4A 
-  hybrid),  in  stark  contrast  to  the  response  of  the  MDA-MB-231  cells  (Fig.  4B  -  hybrid).  While 
the  MDA-MB-231  cells  showed  a  clear  and  consistent  difference  between  the  glass  side  and  the 


6 


nanoparticle  side  in  terms  of  EphA2  clustering  phenotype,  no  difference  was  observed  for  the 
MCF10A  cells.  MCF10A  cells  can  centrally  transport  ligand-bound  EphA2,  seemingly 
unhindered  by  the  presence  of  immobile  ephrin-Al,  while  the  MDA-MB-231  cells  display 
distributed  clusters  of  EphA2,  whose  larger  sizes  are  excluded  by  the  nanoparticles  arrays, 
throughout  the  cell  contact  area  (Fig.  4A,B  -  hybrid). 

At  this  point  we  would  like  to  emphasize  that  in  the  hybrid  configuration,  only  a  small 
percentage  of  the  total  EA1  amount  is  immobilized.  This  is  important  to  consider  since  a 
majority  of  EA1  available  to  the  cells  is  still  mobile.  Furthermore,  the  amount  of  mobile  EA1 
available  to  each  cell  is  virtually  unlimited  due  to  its  physical  tether  to  the  lipid  bilayer,  which 
renders  it  highly  mobile  and  therefore  easily  transportable,  while  the  surface  density  of  immobile 
EA1  is  practically  limited  by  the  number  of  nanoparticles  underneath  the  cell.  The  large  ratio  of 
mobile  EA1  to  immobile  EA1  in  the  hybrid  configuration  necessitates  different  physical 
conditions  of  EphA2  on  the  respective  cell  surfaces  in  order  to  sense  the  presence  of  the  minor 
fraction  of  immobile  EA1.  One  reason  might  be  the  presence  of  large  EphA2  clusters  on  the  cell 
surface  of  the  highly  invasive  MDA-MB-231  cells.  Ligand-independent  EphA2  cluster  formation 
on  the  surfaces  of  invasive  cancer  cells  has  been  previously  hypothesized  as  a  possible  cause  for 
invasiveness.15  In  the  presence  of  immobile  EA1  functionalized  on  nanoparticles,  individual 
EphA2  molecules  in  these  pre-formed  clusters  can  bind  to  individual  EA1  on  the  nanoparticles, 
thus  restraining  the  central  transport  of  EA1 -bound  EphA2.  The  spreading  behavior  on  the 
hybrid  side  of  the  substrate  and  the  sensitivity  to  immobile  EA1  could  thus  be  an  observation  for 
highly  invasive  breast  cancer  cells. 

To  determine  if  the  affinity  of  EphA2  cluster  binding  to  small  fractions  of  immobile  EA1 
follows  a  measurable  trend,  we  extended  our  observations  to  eight  more  cancer  cell  lines,  with 
varying  degrees  of  invasion  potentials,  EphA2  protein  expression  and  mRNA  levels, 
tumorigenicities,  and  metastatic  capabilities.  The  results  for  all  ten  cell  lines  are  summarized  in 
Figure  5.  Each  cell  line  was  individually  placed  on  substrates  presenting  hybrid  EA1.  The  EphA2 
clustering  per  cell  line  was  measured  by  normalizing  the  EphA2  radial  profiles  of  cells  on  the 
hybrid  side  to  the  EphA2  radial  profiles  of  cells  of  the  same  cell  line  on  the  mobile  side.  This 
normalization  eliminates  errors  introduced  by  cellular  or  experimental  variability  such  as 
different  EphA2  expression  levels  or  variations  in  the  staining  protocol  across  all  of  the 
experiments.  This  procedure  also  highlights  a  powerful  advantage  of  our  approach  that  data 
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acquisition  for  both,  experiment  and  control,  are  measured  from  the  same  glass  surface  under 
identical  conditions  and  with  the  same  batch  of  cells.  Furthermore,  the  normalized  EphA2  radial 
transport  is  correlated  to  the  invasion  potentials  of  the  individual  cell  lines28  (Fig.  5A). 

EphA2  receptor  is  centrally  transported  for  all  ten  cell  lines  on  the  control  side  displaying 
only  mobile  EA1.  On  the  hybrid  surface,  the  EphA2  central  transport  remains  unhindered  in  the 
presence  of  immobile  EA1  for  five  of  the  cell  lines  with  low  invasion  potentials.  However,  with 
increasing  invasion  potential  values,  the  EphA2  transport  becomes  interrupted  and  instead,  small 
EphA2  clusters  are  distributed  across  the  interface  between  the  cell  and  the  hybrid  surface  (Fig. 
5B). 

The  correlation  of  the  EphA2  clustering  phenotype  with  the  corresponding  invasion 
potential  of  the  cancer  cell  lines  supports  and  underscores  past  hypotheses  about  the  role  of 
increased  concentration  EphA2  cluster  formation  in  invasive  cancers.  ’  ’  ’  Our  results 

support  a  model  that  EphA2  clusters  are  preformed  on  the  surface  of  invasive  tumor  cells  to 
increase  transport  efficiency  and  quickly  trigger  cellular  response.  As  a  consequence,  these 
highly  invasive  cells  are  particularly  sensitive  to  immobilized  EA1.  EphA2  molecules  might  also 
be  binding  to  EA1  as  small  oligomers  but  are  aggregating  more  quickly  in  the  invasive  cells  and 
therefore,  they  are  hindered  by  the  immobile  EA1  obstacles.  In  this  case,  however,  EA1 
microclusters  would  form  in  addition  to  the  EphA2  microclusters  and  therefore,  when  imaged 
together,  they  would  colocalize.  This  is  not  observed.  Instead,  EphA2  microclusters  are  visible 
while  the  EA1  molecules  either  coalesce  in  the  center  by  binding  to  EphA2  or  are  invisible.  In 
light  of  this,  we  propose  a  model  mechanism  for  the  binding  and  unbinding  of  large  EphA2 
clusters  to  individual  EA1  molecules  functionalized  on  nanoparticles  (Fig.  6). 

When  breast  cancer  cells  are  deposited  on  a  mobile,  membrane-associated  EA1  surface, 
EphA2  receptors  bind  to  available  EA1  molecules  and  through  a  cytoskeletal  driven  mechanism, 
concentrate  the  EA1 -bound  EphA2  in  the  center  of  the  SLB-cell  junction.  In  the  case  of 
preformed  EphA2  clusters  consisting  of  tens  of  EphA2  receptors,  through  binding  to  individual 
EA1  molecules  on  nanoparticles,  the  central  transport  of  the  entire  cluster  is  hindered.  In  these 
large  clusters,  when  one  EphA2  unbinds  from  the  EA1  on  a  nanoparticle,  another  receptor  can 
immediately  take  its  place  (Fig.  6A-C).  In  non-invasive  cells,  EphA2  receptors  are  not 
preclustered,  and  therefore  the  binding  of  individual  EphA2  receptors  to  single  immobile  EA1 
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ligands  results  in  comparably  weaker  cell  membrane-nanoparticle  interactions  (Fig.  6D-E). 
EphA2  receptors  will  interact  with  mobile  EA1  surrounding  the  immobile  EA1. 

EphA2  cluster  formations  on  the  surface  of  breast  cancer  cells  are  revealed  when  they  are 
presented  with  a  hybrid  configuration  of  ephrin-Al  achieved  by  combining  nanotechnology  with 
supported  membrane  technology.  This  hybrid  platform  is  uniquely  suited  to  reveal  a  pre-existing 
condition  that  is  only  observed  for  cancer  cell  lines  with  the  highest  invasion  potentials  and 
therefore  can  be  exploited  to  distinguish  single  cells  from  each  other  based  on  EphA2  clustering 
phenotypes.  By  simultaneously  presenting  mobile  and  immobile  ephrin-Al  ligands  on  one 
substrate,  we  are  able  to  perform  size  exclusion  analysis  in  live  cell  membranes,  and  observe  the 
presence  of  large,  preformed  EphA2  clusters  on  the  surface  of  breast  cancer  cell  lines.  EphA2 
clusters  sensitizes  the  cells  to  detect  and  interact  with  immobilized  EA1  ligands  presented  on 
nanoparticles,  promoting  cell  spreading  and  adhesion.  Remarkably,  only  highly  invasive  cancer 
cells  show  a  strong  binding  affinity  to  immobilized  ligands  on  the  hybrid  configuration.  These 
findings  suggest  that  tumor  malignancy  is  not  simply  the  result  of  EphA2  overexpression  but 
perhaps  a  consequence  of  ligand  independent  receptor-receptor  oligomerization  on  the  cell 
surface.  Large  clusters  of  membrane  receptors  which  allow  cells  to  apply  a  mechanical  force  to 
its  environment  has  been  shown  to  facilitate  tissue  invasion  and  cell  migration  to  initiate 
metastasis.33  Potentially,  this  platform  can  be  utilized  to  predict  cancer  invasion  and  metastasis, 
on  a  single-cell  level,  within  a  tumor  population. 
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Fig.  1  Schematic  of  the  experimental  approach.  A)  Scanning  electron  micrograph  of  gold 
nanoparticles  (Au-NP)  on  the  surface  of  a  glass  coverslip.  B)  Schematic  of  the  nanoparticle- 
supported  lipid  bilayer  (SLB)  platform:  cancer  cells  expressing  EphA2  deposited  on  this  surface 
can  interact  with  molecules  of  EA1  tethered  to  the  nanoparticles  or  to  the  lipids  with  the  SLB.  C) 
Fluorescence  recovery  after  photobleaching  (FRAP)  images  at  different  time  points  show  the 
recovery  of  a  Texas  Red  DHPE  SLB  across  the  entire  glass  coverslip.  This  reveals  that  the 
membrane  fluidity  is  not  affected  by  the  presence  of  the  nanoparticles.  The  dark  diagonal  stripe 
(indicated  by  the  white  arrow)  across  the  FRAP  images  is  a  result  of  the  dipping  process  for 
nanoparticle  functionalization  and  depicts  the  border  between  the  bare  glass  side  and  the 
nanoparticle  patterned  side. 
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Fig.  2  MDA-MB-231  cells  are  placed  on  substrates  with  different  ephrin-Al  (EA1) 
presentations.  The  combination  of  supported  membrane  formed  on  a  glass  coverslip  with 
patterned  nanoparticles  (NP)  on  half  of  the  surface  yields  three  unique  scenarios  of  EA1 
presentation.  A)  In  the  case  of  mobile  EA1,  only  the  phospholipids  are  functionalized  with  ligand 
molecules  through  a  bilayer  comprising  98%  DOPC  and  2%  Ni-DOGS.  Reflection  interference 
contrast  microscopy  (RICM)  image  of  MDA-MB-231  cells  placed  on  a  mobile  EA1  surface  is 
shown.  Cells  form  a  tight  contact  area  with  the  supported  membrane  displaying  mobile  EA1  on 
both  the  nanoparticle  patterned  side  as  well  as  the  glass  side.  These  results  indicate  that  the 
presence  of  blank  NP  does  not  cause  any  unspecific  cell-substrate  interaction.  B)  EA1  is 
selectively  bound  to  the  NP  in  case  of  an  immobile  EA1  scenario.  The  bilayer  is  formed  from 
100%  DOPC  and  does  not  contain  any  capturing  lipids  for  the  EA1.  RICM  image  of  cells  placed 
on  immobile  EA1  surface  shows  a  spreading  morphology  and  filopodia  protrusions.  Remarkably 
no  cells  were  attached  to  a  pure  bilayer.  C)  Hybrid  platform  refers  to  the  case  in  which  both  the 
phospholipids  and  nanoparticles  are  individually  patterned  with  ephrin-Al.  Cells  deposited  on 
the  hybrid  platform  show  two  distinct  behaviors.  MDA-MB-231  cells  on  the  bare  glass  side  that 
displays  mobile  EA1  forms  the  same  central  contact  region  as  cells  placed  on  a  mobile  EA1 
surface.  The  cells  on  the  hybrid  platform  spread  out,  forming  protrusions,  similar  to  cells  on  the 
immobile  EA1  surface.  D-F)  Scanning  electron  micrograph  (SEM)  of  MDA-MB-231  cells  on  the 
immobile  EA1  substrate.  Cells  are  preferentially  interacting  with  the  nanoparticle  side  since  the 
phospholipids  are  not  functionalized  with  EA1.  Higher  magnification  SEM  images  reveal  that 
individual  cell  protrusions  are  interacting  with  single  nanoparticles  (black  arrows). 
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Glass  Side  Nanoparticle  Side 


Fig.  3  MDA-MB-231  cells  deposited  on  the  hybrid  platform  are  stained  with  phalloidin  to  image 
F-actin,  and  immunofluorescence  is  used  to  image  EphA2,  ADAM  10,  and  talin.  The  images  are 
taken  using  total  internal  reflection  fluorescence  microscopy.  Glass  side  represents  the  side  of  the 
substrate  displaying  only  laterally  mobile,  membrane-bound  ephrin-Al.  EphA2,  ADAM  10,  and 
talin  are  all  co-localized  with  the  central  adhesion  domain  imaged  with  RICM.  This  also 
represents  the  regions  of  highest  EA1  concentration.  Actin  forms  an  annulus  around  the  center. 
Nanoparticle  side  refers  to  the  hybrid  platform.  Here,  the  immunostained  molecules  are  spread 
across  the  cell-SLB  interface  in  all  cases.  Scale  bars  are  10  microns. 
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Fig.  4  Comparison  between  MCF10A  and  MDA-MB-231  cells  placed  on  substrates  with  three 
different  EA1  configurations.  A)  When  MCF10A  cells  are  placed  on  the  mobile  EA1  surface, 
ligand-bound  EphA2  is  centrally  transported.  MCF10A  cells  detach  from  the  substrate  with 
immobile  EA1  after  rinsing  steps  during  fixation  and  permeabilization  processes.  When  MCF10A 
cells  are  incubated  on  the  hybrid  platform,  ligand-bound  EphA2  complexes  are  centrally 
transported  on  both  the  glass  side  and  the  nanoparticle  side.  B)  MDA-MB-231  cells  incubated  on 
a  mobile  EA1  surface  display  a  similar  central  transport  and  concentration  of  ligand-bound 
EphA2  on  both  the  glass  and  the  nanoparticle  side.  When  placed  on  an  immobile  EA1  substrate, 
the  cells  attach  and  spread  out,  selectively  interacting  with  the  nanoparticles.  MDA-MB-231 
cells  cultured  on  the  hybrid  platform  show  two  distinct  phenotypes.  Scale  bars  are  all  10 
microns. 
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Fig.  5  Breast  cancer  cell  line  panel  study.  A  panel  consisting  of  10  human  breast  cell  lines  are 
individually  deposited  on  the  hybrid  platform.  The  radial  profile  of  EphA2  was  measured  for 
cells  that  were  deposited  on  the  hybrid  side  and  normalized  to  the  radial  profile  of  control  cells 
from  the  same  experiment,  on  the  bilayer  only  side,  to  eliminate  contributions  from  staining 
differences  and  cell-to-cell  variations  in  EphA2  expression.  For  all  cell  lines,  on  the  glass  side 
displaying  only  mobile  EA1,  EphA2  is  centrally  transported.  This  is  consistent  with  previous 
report.20  For  the  cell  lines  on  the  nanoparticle  side  displaying  the  hybrid  presentation,  this 
situation  changes  dramatically,  instead  of  forming  a  central  domain,  EphA2  clusters  are 
distributed  over  the  cell  -  substrate  contact  area  as  the  respective  invasion  potential  values 
increase.  Invasion  potential  values,  EphA2  protein  expression  levels,  EphA2  mRNA  levels,  and 
cell  line  origins  were  taken  from  published  sources.  ’  ’  The  animal  studies  of  tumorigenicity 
and  metastasis,  correlates  with  the  EphA2  radial  profile  and  invasion  potentials,  and  were  taken 
from  published  sources.35"42  The  cell  line  SKBR3  was  found  to  be  tumorigenic  in  one  report 
(*).43  A  total  of  200  cells  were  selected  and  analyzed.  Scale  bar  are  all  10  microns. 
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Fig.  6  Influence  of  EphA2  cluster  formation  on  cell  attachment  revealed  by  the  hybrid 
mobile/immobile  presentation  of  ephrin-Al.  A)  -  C)  Pre-clustered  EphA2  on  the  surface  of 
invasive  cell  lines  are  restrained  by  molecules  of  immobilized  EA1  linked  to  the  nanoparticles.  If 
one  EphA2  receptor  within  the  cluster  unbinds  from  EA1,  another  one  in  the  cluster  can  re -bind, 
and  thus  prevent  radial  transport.  EphA2  clusters  (red)  are  distributed  along  the  cell  protrusions 
imaged  in  RICM.  Only  a  few  EA1  clusters  (green)  are  transported  to  the  center  of  the  cell-SLB 
contact  area,  and  are  co-localized  with  EphA2  (yellow).  Cell  outlines  are  highlighted  by  the  red 
line.  D)  -  F)  For  non-invasive  cells,  EphA2  is  not  pre-clustered  and  therefore  individual  EphA2 
receptors  can  bind  immobile  EA1  ligands.  As  the  cell  applies  a  pulling  force,  these  receptors  can 
unbind  and  become  centrally  transported  by  re-binding  to  mobile  EA1.  Scale  bars  are  10 
microns. 
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